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Abstract 
Increasingly restrictive legislative initiatives have in recent years brought increased 
attention to the establishment of safe and environmentally benign manufacturing 
conditions, without the use of hazardous forming lubricants. The elimination of 
hazardous forming lubricants necessitates an adaption of new, environmentally 
friendly tribosystems for severe sheet metal forming processes. Production tests of 
new tribosystems are however connected to high costs and uncertainties regarding 
tool life and maintenance. This project presents an analysis of offline evaluation of 
tribosystem applicability for an industrial production platform from the company 
AAO Steel, where usage of chlorinated paraffin oils was currently deemed to be 
necessary. The specified production platform was based on a stamping operation 
for the production of an exhaust gas recirculation (EGR) component, where a 
drawbead geometry was implemented in the forming tools. Numerical analysis was 
carried out for evaluation of the wear conditions introduced by the different die 
features and for extraction of central testing parameters. A drawbead test was 
afterwards designed for the Universal Sheet Tribotester at DTU-MEK for offline 
replication of industrial forming conditions. Based on the offline simulative tests, 
the study highlighted several suitable tribosystems for replacement of the 
hazardous, chlorinated paraffin oil currently used in production.  
     An analysis of the performance and the tribological function of commercial 
forming lubricants for punching and blanking operations is furthermore presented 
in the thesis. Based on a process test, which emulates the forming conditions of a 
fine blanking operation, the efficiency of different lubricants were evaluated, and a 
clear correlation between the developed pick-up on the punch and the measured 
backstroke force was confirmed in accordance with previous studies. Analysis of 
the physiochemical properties of the forming lubricants highlighted certain intrinsic 
lubricant properties necessary for facilitation of stable production conditions in  
punching and blanking processes. 
     Online process monitoring of sheet metal forming operations can form the basis 
for condition-based tool maintenance for minimization of the production of scrap 
and maintenance costs. The project furthermore presents a methodology for 
evaluation of process conditions using measurements of acoustic emissions. Based 
on a series of simulative forming tests, the methodology was established for 
assessment of wear related process deviations commonly seen in different sheet 
metal forming operations. 
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DBRF Drawbead restraining force (kN) 
Fd Drawing force (kN) 
Fh Blank holder force (kN) 
FN Normal force (kN) 
FT Tangential force (kN) 
g Bead gap (mm) 
h  Film thickness (μm) 
H Hardness (HRC) 
Hb Bead penetration (mm) 
HC Heat capacity (J/Kg∙K) 
HTC  heat transfer coefficient (kW/m2K) 
K Wear coefficient 
L Sliding length (mm) 
P  Normal pressure (MPa) 
p Penetration (mm) 
R Drawbead radius (mm) 
Ra Arithmetical mean roughness value (μm) 
R0 Indentor radius (mm) 
RPM Revolutions per minute (min-1) 
t Sheet thickness (mm) 
TC Thermal conductivity (W/m∙K) 
Ʌ  Film parameter 
Nri Number of valleys less than 0.5 μm 
vt Sliding velocity (mm/s) 
w  wear volume (mm3) 
wt Tool width (mm) 
Z Wear work (MPa∙mm) 
Zb Burr zone 
Zf Fracture zone 
Zr Roll over zone 
Zs Shear zone 
εeq Equivalent strain 
Θ1 Maximum angle of contact (°) 
σf Flow stress (MPa) 
 1  
 
  
Chapter 1 Introduction 
 
 
 
 
Since 2000 increasingly restrictive legislation has been passed in Europe and Japan 
regarding the usage of hazardous lubricants for industrial applications [1]–[4]. In 
2006-2007 the EU introduced the REACH (Registration, Evaluation Authorisation, 
and Restriction of Chemicals) legislation with the purpose of improving the 
protection of human and environmental health by regulation of the production and 
usage of industrial chemicals. The legislative initiatives have brought increased 
attention to manufacturing with safe working conditions while minimizing the 
strain on the environment. For industrial metal forming, these initiatives necessitate 
an elimination of hazardous chemicals such as chlorinated lubricant additives, 
which are suspected of being carcinogenic and bio-accumulative. The initiatives 
furthermore imply a reduction of waste with prolonged tool and lubricant life along 
with recovery and reuse of lubricants [5]–[7]. While the legislation becomes 
increasingly restrictive and the use of tribologically difficult materials such as 
advanced high strength steel (AHSS), stainless steels, aluminum, and titanium 
alloys becomes more prevalent, the demand for effective tribosystems increases. 
Since the specific tribological process characteristics dictate the type and efficiency 
of the required tribosystem, a significant amount of research has been conducted on 
the improvement of the tribological performance in different metal forming 
operations with new lubricants, anti-seizure tool materials and tool coatings [8]–
[10].  Certain lubricant compounds like chlorinated paraffins, however, have unique 
lubricating properties such as broad operating temperatures and applicability to a 
wide range of manufacturing processes [11], which makes them difficult to replace. 
While several studies [12] have been successful in finding alternative lubricants to 
chlorinated paraffin oils for specific manufacturing processes, finding alternative 
tribosystems with similar versatility and efficiency has proven difficult. Further 
research is therefore still required for the development of environmentally benign 
tribosystems for tribologically severe metal forming operations where the usage of 
hazardous lubricants additives is currently necessary. 
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1.1 Scope of the project 
The present project is part of a larger framework programme, SHETRIB - New 
environmentally benign sheet metal forming tribology systems, which has the aim 
of finding alternative tribosystems to replace environmentally hazardous lubricants 
for sheet metal forming processes. The overall objective of the project is defined 
as: 
 Development of a sensor system for determining the onset of lubricant film 
breakdown 
 Evaluation of the performance of new, environmentally benign tribosystems 
in severe stamping operations, e.g. stamping with drawbeads, punching and 
blanking. 
 Analysis of the performance and lubricating ability of new lubricants with 
film-forming additives. 
 
The objectives of the project are to develop a sensor system based on acoustic 
emission (AE) for identification of the onset of lubricant film breakdown. An online 
process monitoring system allows for well defined and easy to determine the limit 
of lubrication in the simulative laboratory test. Such a surveillance system for online 
determination of lubricant film breakdown in production can aid with minimization 
of scrap production and tool maintenance costs.  
     Offline testing procedures start with numerical analysis of the production 
process in order to determine the main parameters governing lubrication, i.e., 
normal pressure, surface expansion, sliding length, sliding velocity and 
tool/workpiece interface temperature. The results of these calculations are used as 
input to design of the laboratory test. Numerical analyses of the tests are done to 
obtain similar pressure conditions and temperature development as in production 
using a recently developed universal sheet-tribotester (UST) at DTU-MEK. The 
tribotester allows repetitive tests at high speed from a coil with adjustable sliding 
length, sliding speed, idle time, cycle time and a total number of strokes in order to 
emulate the production conditions in long term testing. The methodology is under 
development and has been applied to a production platform in Danish industry [13] 
including a five-step progressive deep drawing tool for the production of a stainless 
steel component, where chlorinated paraffin oil has previously been necessary to 
apply. It is clear, however, that a considerable amount of research and development 
is still to be done before a complete methodology is established and it has yet to be 
applied to severe sheet stamping operations, e.g. stamping with drawbeads. 
     As regards testing of new, tailored tribosystems, development of lubricant 
systems for severe metal forming operations have so far been focused on properties 
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of boundary lubrication by chemical bonding to the workpiece surface [14], [15]. 
Studies at DTU-MEK [16] have clarified that the reason for the excellent 
lubrication properties of chlorinated paraffin oil in severe punching operations is 
that it has the ability to react with the tool surface forming a very thin boundary 
layer that prevents metal-to-metal contact between tool and workpiece. However, 
only preliminary studies have been conducted within this research area. The project, 
therefore, aims at testing the most promising, environmentally benign, boundary 
lubricants to analyze the chemical reactions between the lubricants and tool 
surfaces, as these lubricants have been proven to be necessary for tribologically 
severe metal forming operations. 
1.2 Thesis outline 
The following chapter presents a brief overview of the basic principles of sheet 
metal forming tribology along with a review of the state of the art in 
environmentally benign sheet metal forming tribosystems. Chapter 3 introduces the 
topic of online process monitoring of sheet metal forming processes using acoustic 
emission. In this chapter, a series of laboratory tests are presented for the 
establishment of a methodology for evaluation of tribological process deviations 
using measurements of acoustic emissions.  Chapter 4 introduces an industrial case 
study on wear and lubrication in stamping dies with drawbeads. Chapter 5 presents 
a supplementary study on wear in semi-circular drawbeads. Chapter 6 presents the 
topic of wear and lubrication in punching and blanking processes. Chapter 7 
presents the main conclusions of the project and an outlook for future work based 
on the research findings from the present project. 
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Chapter 2 State of the art of sheet metal   
  forming tribology 
An overview of the basics of sheet metal forming tribology is presented in this 
chapter as an initial introduction to the background of the present work. A summary 
of the main challenges and advances within the field of environmentally benign 
sheet metal forming tribosystems is subsequently presented, with a special focus on 
the developed laboratory tests at DTU-MEK. 
2.1 Sheet metal forming 
Forming processes are defined in the DIN 8580 [17] as a group of manufacturing 
processes where dimensional modification of a workpiece geometry is obtained 
while retaining mass and material cohesion. The forming techniques are further 
classified in the DIN 8582 [18] by the main direction of the applied stress during 
forming. These subcategories are: 
 Forming under compressive conditions 
 Forming under combined tensile and compressive conditions 
 Forming under tensile conditions 
 Forming by bending 
 Forming under shearing conditions 
Within the classification based on the main stress states during forming, the DIN 
standard differentiates between 17 different forming processes based on the relative 
motion and the geometry of the forming tools and workpieces. Deep drawing is a 
sheet metal forming process, where a sheet metal blank is radially drawn into a die 
cavity, introducing combined tensile and compressive conditions, for forming of a 
component. Deep drawing is one of the most important sheet metal forming 
operations for forming of complex three-dimensional geometries and is extensively 
used in especially automotive and aircraft industry, as deep drawing supports the 
production of components with strict dimensional tolerances and high production 
rates. Sheet metal forming processes often present highly demanding tribological 
conditions, as sheet metal forming operations often include severe process loads 
due to elevated temperatures, high contact pressures and moderate levels of surface 
expansion combined with strict demands for surface finish and tool life. 
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2.2 Wear in sheet metal forming 
Wear is defined as a progressive deterioration of the surface of a solid body due to 
mechanical or chemical action. The wear behavior is characterized as a system 
response and is dictated by the different process variables of the tribosystem, see 
Figure 1.  
 
Figure 1: Overview of the main components of a tribosystem [19]. 
A tribosystem consists of four main elements: the material pair of the base body 
and the counter body, the interfacial medium, and the environment. The exact 
combination of the input variables and the tribosystem structure characterizes the 
tribological load exerted on the specific tribosystem.  
     The German standard DIN 50320 [20] defines four main mechanisms of wear: 
adhesive wear, abrasive wear, surface fatigue, and tribochemical wear. A brief 
description of the main characteristics of these wear mechanisms is given in the 
following section. The four main wear mechanisms are illustrated in Figure 2. 
 
Figure 2: Illustration of the main wear mechanisms defined in DIN 50320 [19].  
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Adhesive wear 
Adhesive wear is characterized by a transfer of material particles between 
contacting surfaces due to adhesive bonding of asperities. Adhesive wear initiates 
as a microscopic transfer of wear particles but progresses macroscopically. The 
severity of the wear mechanism is highly dependent on the material pair, as different 
material combinations have different affinities for adhesive bonding. 
Abrasive wear 
Abrasive wear occurs when relative sliding takes place between solid bodies in 
contact, where the asperities of the hardest surface abrade the surface of the softer 
body with localized plastic deformation (two-body abrasion). Three-body abrasion 
occurs when solid particles are entrapped as the interfacial medium between the 
base body and the counter body.  
     The combined wear mechanism of local adhesion and abrasion in contacting 
surfaces is in the field of metal forming called galling. The galling mechanism is 
characterized by macroscopic adhesion of metallic particles, due to insufficient 
lubrication or tribosystem breakdown, which create localized friction junctions 
above the original surface [21]. The creation and the subsequent growth of the local 
friction junctions result in the scoring of the surface of the formed sheet material 
[22]. The occurrence of galling is often the limiting factor of sheet metal forming 
tribosystems [23]. 
Surface fatigue 
Damage due to surface fatigue is characterized by a deterioration of the surface 
structure due to the formation and propagation of cracks caused by cyclic loading.  
Tribochemical wear 
The tribochemical wear mechanism is a mechanism of surface damage that is based 
on rubbing contact between solid bodies in a corrosive media. The process is often 
characterized by progressive creation and removal of corrosion products with very 
high wear rates. 
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2.3 Lubrication mechanisms 
The main tribological function of a sheet metal forming lubricant is the separation 
of the contacting surfaces of the tribosystem, in order to minimize friction and tool 
wear. A common secondary function of the forming lubricants is cooling of the 
forming tools in order to avoid softening and oxidative wear. Apart from the main 
tribological requirements for the forming lubricants, several other requirements 
may include corrosion protection, vanishing properties, easy application and 
cleaning and storage stability, depending on the specific conditions of the 
manufacturing process. The lubrication regimes for liquid lubricants are 
summarized in the Stribeck curve in Figure 3.  
 
 
Figure 3: Stribeck curve [24] with identification of the main lubricant regimes where the different 
types of film-forming additives (Extreme pressure (EP), Anti-wear (AW), Friction modifier (FM)) 
are utilized.
 
The Stribeck curve shows the coefficient of friction (COF) as a function of the film 
parameter Ʌ (h/Ra) for the three different lubricant regimes, where h is lubricant 
film thickness and Ra is the average roughness of the two surfaces in contact.  Fig. 
3 furthermore shows the three main groups of film-forming lubricant additives and 
the lubrication regimes where they function. The primary mechanisms of 
lubrication are illustrated in Figure 4. 
     Full-film lubrication (also called hydrodynamic lubrication) occurs when a 
complete separation of mating surfaces is achieved through an intermediate, 
pressurized lubricant film. A film parameter value of more than 3 indicates that 
there is no asperity contact between the base body and the counter body of the 
tribosystem. 
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 The full-film lubrication mechanism is therefore characterized by a very low COF. 
  
(a) (b) 
  
(c) (d) 
Figure 4: Illustration of the lubricant regimes: (a) dry friction, (b) full-film lubrication, (c) mixed 
lubrication and (d) boundary lubrication. 
Pure hydrodynamic lubrication is experienced in a few sheet metal forming 
processes e.g., high speed sheet rolling where the high velocities of the process 
introduce hydrodynamic conditions. The elastohydrodynamic lubrication 
mechanism is part of the full-film lubrication regime and occurs when the 
pressurized fluid film induces elastic deformation of the contacting surfaces of the 
tribosystem. The boundary lubrication regime [25]–[27] is characterized by heavy 
contact between the mating surfaces of the tribosystem, with a film parameter value 
of less than 1. The boundary lubrication mechanism is furthermore characterized 
by the formation of an intermediate surface layer generated through tribochemical 
reaction, which lowers the COF. The characteristics of the generated surface layer 
are dictated entirely by the specific additive composition of the lubricant. The 
mixed lubrication regime combines the lubrication mechanism of boundary 
lubrication and full-film lubrication, where the exerted load is distributed partly 
between a pressurized lubricant film and asperities in contact. 
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2.4 Sheet metal forming lubricants 
The physical and chemical properties of forming lubricants are dictated by the 
chemical composition of the base oil and the specific formulation of the additive 
package. Base oils are derived from either crude oil, natural resources or chemical 
synthesis and normally account for 70-99% of the volume of the formulated 
lubricant. Since the base oil makes up the majority of the formulated lubricant, the 
intrinsic properties of the base oil e.g. viscosity, viscosity index and volatility, 
greatly influence the properties of the lubricant. Additives are furthermore added to 
the base oil in order to enhance different lubricant properties [28]. Figure 5 shows 
an overview of the most common lubricant additives.  
 
Figure 5: Overview of the main groups of lubricant additives [24]. 
The different classes of lubricant additives are added to the base oil in order to tailor 
the properties of the lubricant for different uses. Friction modifiers (FM), Antiwear 
additives (AW) and Extreme pressure additives (EP) belong to the additive group 
commonly called film-forming agents, due to their film-forming action in the 
solid/liquid interface during forming. FM reduce the friction in the mixed 
lubrication regime, by the formation of physisorbed surface films. Physiosorption 
is characterized by the formation of mono- or multilayers through the creation of 
Van der Waals bonds with metal surfaces at low temperatures. FM, therefore, form 
a weakly bonded film that desorbs at increased temperatures or contact with 
aggressive solvents. AW and EP additives modify the surface of a metal by the 
creation of films through chemisorption and chemical reaction, often induced by 
thermal activation of the lubricant additives. AW and EP additives, therefore, create 
a film that is strongly adhered to metallic surfaces for applications with higher 
tribological severity. AW and EP additives form sacrificial surface films, which 
inhibit metal-to-metal contact and thereby reduces friction and material adhesion. 
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The primary tribological function of a forming lubricant is therefore dictated by 
lubricant properties such as the load-bearing capacity, applicable temperature range 
and the chemical reactivity of the lubricant additives [29], [30]. Excessive reactivity 
is however reported to introduce increased rates of corrosion, while additives with 
low reactivity are conversely unable to preserve a protective surface film. The 
specific additive composition of the film-forming agents therefore heavily influence 
the tribological performance of the formulated lubricant. Cl-, P- and S-based 
additives are extensively used AW/EP additives in sheet metal forming lubricants. 
Corrosion inhibitors similarly belong to the additive group of film forming agents. 
While corrosion inhibitors do exhibit any tribological function, they are often used 
in metal forming lubricants for enhancement of corrosion properties by acid 
neutralization or creation of a passivation film that reduces the electrochemical 
reactivity of the metal surfaces. The tribochemical action of film-forming agents 
has been subject for extensive research. Comprehensive reviews of the 
tribochemistry of AW and EP additives and the developed surface films is given by 
Xue and Weimin [31], Papay [32] and Matsumoto [33]. 
     Detergents and antioxidants are bulk active lubricant additives that chemically 
react with species in the lubricant, respectively used for control of contaminants 
and delaying the aging mechanism of the lubricant. Bulk active additives with 
physical action like viscosity modifiers and pour point depressants are used for 
enhancement of the viscosity index and refinement of the applicable temperature 
range for the handling of the lubricant. 
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2.5 Simulative testing in sheet metal forming 
With a comprehensive review of the tribological tests used within the field of sheet 
and bulk metal forming, Bay et al. [34][8] proposed a classification of the laboratory 
tests as either process or simulative tests.  Bay et al. suggested that process tests are 
characterized as tests, where the characteristics of a conventional forming operation 
are emulated without changing the process kinematics, while simulative tests are 
used for studying the tribological conditions of a forming process in a controlled 
manner. Simple simulative tests such as the pin-on-disc test or block-on-ring test 
are well established and often used for different tribological investigations. These 
tests do, however, not account for the complexity of an actual metal forming 
operation in terms of simulation of comparable process characteristics. Various 
simulative tests have therefore been developed in order to emulate the forming 
conditions in a deep drawing operation. Figure 6 shows an overview of the most 
commonly used simulative tests for analysis of sheet metal forming operations. 
 
 
 
 
 
Tests 1-3, shown in Figure 6, represent the forming conditions in the flange region. 
Tests 4-5 represent the forming conditions of a bending action over the die shoulder. 
Test 6 simulates an ironing process with a conical die. Tests 7-8 represents the 
forming conditions when stretching sheet material over a die shoulder and a punch 
nose. These simulative tests allow for an offline replication of industrial forming 
Figure 6: Schematic illustration of simulative tests used for sheet metal forming [8].
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conditions in terms of normal pressure, sliding length, surface expansion and 
interface temperature [35][36]. Simulative tests are therefore highly valuable for 
offline screening of the efficiency of alternative tribosystems as actual production 
trials are often connected to high costs due to production downtime and 
uncertainties regarding tool life and maintenance. 
     As representatives of the varied process conditions experienced in sheet metal 
forming, the research conducted at DTU MEK has been focused on three different 
simulative tests: the drawbead test, the bending under tension test (BUT) and the 
strip reduction test (SRT). A short summary of these tests is given in the following 
sections.  
2.5.1 Drawbead test 
The drawbead simulator, Figure 6, was initially developed in 1978 by Nine [37], 
and the test has since become widely used for studying friction and lubrication in 
sheet metal forming. With the drawbead simulator, Nine showed that friction 
measurements could be made by conducting a series of tests respectively with fixed 
and roller drawbeads. Nine furthermore showed that the measured drawing forces 
agreed with calculations based on Coulomb's law. Nine later presented a series of 
studies [38], [39] where lubricant performance was evaluated with a drawbead test 
with varying bead penetrations. Based on Nine’s studies, Olsson et al. [40] proposed 
a tool design where the friction coefficient could be measured directly without 
differential testing. This was possible with a tool design, where the drawing force 
and the torque exerted on the tool pin is measured directly during testing. Wang and 
Shah [41] investigated different drawbead configurations in terms of the drawbead 
restraining force, the flow of sheet material through the drawbeads and the 
sensitivity towards different lubricants. Based on the study, Wang and Shah 
proposed some preliminary design guidelines for shop floor practices. Dalton and 
Schey [42], [43] found that the COF and the rate of metal transfer in the contacting 
interface are heavily influenced by the topography of the drawbeads, the surface 
treatment of the sheet material and the type of lubricants used for the test. 
Vermeulen and Hobleke [44] conducted a series of tests using a drawbead simulator 
with a multi-strip procedure for evaluation of the wear characteristics. The multi-
strip galling test revealed that the specific surface treatment of the strip materials 
highly influences the wear development. The development of the galling 
mechanism was, however, found to be less influenced by the surface texture of the 
strip material. Zonker et al. [45] conducted an extensive study on the wear behavior 
during the drawbead deformation of aluminium. In the study, Zonker et al. 
examined the friction and galling behavior of different tool materials, aluminium 
alloys, surface treatments and dilution levels of the applied lubricants. The study 
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showed that the WearalloyTM and CrN tool coatings consistently exhibited high 
wear resistance, despite having a high COF compared to other tool coatings. Hunz 
et al. [46] presented a study where the performance of forming lubricants with 
different formulations and concentrations of EP additives were evaluated with a 
drawbead test. The study showed that Cl-based lubricant additives exhibited 
excellent tribological performance compared to straight oils and lubricants with 
conventional EP additives. The performance of the forming lubricants was 
furthermore found to be highly influenced by the concentration of the EP additives. 
Several studies have since been conducted for evaluation of parameters influencing 
friction and lubrication in drawbeads [47]–[52]. 
      
2.5.2 Bending under tension test 
The bending under tension (BUT) test, see Figure 6, is a simulative test, where plane 
strip material is drawn over a stationary tool pin with superimposed back tension to 
simulate the forming conditions experienced around the die shoulder. The BUT test 
has been studied for a wide range of tribological investigations by several different 
authors [53]–[64]. Schey and McLean [65] performed several different simulative 
sheet metal forming tests, including the BUT test, for evaluation of lubricant 
performance. The tribological characteristics of uncoated and electrogalvanized 
steels have been studied by Saha and Wilson [66] by use of the BUT test with a 
range of different forming and process variables.  
     Similar to the drawbead test, the BUT test conventionally required differential 
testing, respectively with a stationary and a rotating tool pin in order to characterize 
the friction in the contacting interface. Andreasen et al. [67] developed a test setup 
with a torque transducer that enables direct measurement of the friction force. 
Direct measurement of the friction force was found to be valuable for monitoring 
lubricant film breakdown. Based on an industrial case study, Ceron et al. [68]–[70] 
presented a series of investigations, where the BUT test was tailored to emulate an 
industrial production platform for analysis of forming conditions for offline 
screening of the efficiency of different environmentally friendly lubricants. The 
BUT test was similarly used by Üstünyagiz et al. [71] for evaluation of the 
tribological performance of a DLC/Hyperlox® tool coating under dry and 
lubricated conditions. 
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2.5.3 Strip reduction test  
The strip reduction test (SRT), see Figure 6, emulates the forming condition of an 
ironing operation, by reducing the thickness of a sheet metal strip in a drawing 
operation. The SRT is therefore characterized as a severe tribological test due to the 
high contact pressures, substantial surface expansion and a high amount of heat 
generated during testing. Fukui et al. [72] presented a preliminary study where the 
effect of several different tribological factors such as the lubricant type, strip 
material, drawing speed and surface finish were characterized by measurement of 
the friction force in a SRT. Le and Sutcliffe [73] studied the frictional behavior in 
sheet metal forming under thin film lubrication conditions with a SRT. The study 
found that the COF increases significantly when the lubricant film thickness ranges 
from 1-40 nm, due to the increased contact area between the contacting surfaces 
and an increase in local friction. Aleksandrović [74] later presented a methodology 
for determination of the COF when ironing sheet material in a SRT. Dohda and 
Kawai [75] investigated the compatibility of different material combinations by 
examination of frictional characteristics and inspection of the surface structure, 
after reducing the thickness of a strip through a wedged die. Dohda et al. [76] later 
presented a study where a similar test setup was used for evaluation of the 
tribological performance of DLC-Si coatings for ironing of high strength steel and 
brass. Takaki et al. [77] studied the anti-galling properties of sulfurized olefin and 
overbased calcium with a cup internal ironing test. Based on surface analysis of the 
ironed cups, Takaki et al. were able to find the optimal blending ratio of the 
lubricant additives and evaluate their synergistic, lubricating effect. Andreasen et 
al. [78]–[83]  presented a series of studies where the SRT was conducted with a 
cylindrical tool for evaluation of the performance of different commercially 
available forming lubricants. Andreasen et al. found that the tool rest temperature 
heavily influences the threshold sliding length for lubricant film breakdown for the 
different lubricants. Andreasen et al. proposed that analysis of the surface roughness 
of the tested sheet material could be used to quantify the surface damage occurring 
during testing. The SRT was similarly used by Wadman et al. [84] for assessment 
of the wear characteristics of textured workpiece surfaces of lean duplex and 
austenitic stainless steels.  Üstünyagiz et al. [85] presented the design and 
implementation of a SRT tool for offline evaluation of different environmentally 
friendly tribosystems for a specific industrial production platform. 
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2.6 Drawbeads  
Drawbeads are local die features placed on the surface of the draw ring and blank 
holder, for control of the material flow into the die cavity [86], [87]. Drawbeads 
introduce a restriction of the material flow by subjecting the sheet material to 
sequential bending and unbending, as the sheet material slides over the groove 
shoulder and the drawbead, see Figure 7. The restriction of the material flow is 
controlled by the deformation induced by the bending and unbending action as well 
as the experienced sliding friction. Drawbeads are commonly used in complex 
forming dies for ensuring proper flow of the sheet material and for avoiding forming 
defects. 
 
Figure 7: Principal illustration of the bending action of a semi-circular drawbead [88]. 
Three main drawbead types are illustrated in Figure 8. These drawbead geometries 
are characterized by respectively imposing four, six and eight bending deformations 
to the sheet material during forming. The main geometrical parameters controlling 
the bending action of the drawbeads are the rounding radii R, the bead penetration 
Hb, and the bead gap g. 
 
Drawbeads 
Drawbeads are local die features placed on the surface of the draw ring and blank 
holder, for control of the material flow into the die cavity [112], [113]. Drawbeads 
introduce a restriction of the material flow by subjecting the sheet material to cyclic 
bending and unbending, as the sheet material slides over the groove shoulder and 
the drawbead, see fig.123. The restriction of the material flow is controlled by the 
deformation induced by the bending and unbending action as well as the 
experienced sliding friction. Drawbeads are commonly used in complex forming 
dies for ensuring proper flow of the sheet material and for avoiding forming defects. 
 
 
 
 
 
 
 
 
 
 
 16  
 
  
 
(a) 
 
 
(b) 
 
(c) 
 
Figure 8:  Overview of the most common drawbead geometries: (a) stepped drawbead (edge 
drawbead), (b) Semi-circular drawbead (c) rectangular drawbead [89]. 
While several simplified guidelines exist for the design of drawbeads [90]–[94], the 
actual drawbead design implemented in industrial forming dies is highly dependent 
on the component geometry, the sheet thickness and the experience of the die 
manufacturer. In the die tryout stage, the die manufacturer modifies the drawbead 
geometry by manual grinding in order to adjust the flow of the sheet material while 
trying to avoid a drawbead geometry that introduces excessive thinning of the sheet 
material and forming defects such as cracks, wrinkles, and orange peeling. The die 
tryout stage is furthermore influenced by several economical considerations such 
as minimization of the blank size and optimization of tool life. This trial and error 
approach results in a wide range of different drawbead geometries used in industrial 
forming dies, which are often prone to introduce severe wear conditions, as certain 
die features like the die shoulder and drawbeads are often subjected to high wear 
rates, due to high localized normal pressures [95]. 
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     Several analytical models are described in literature for estimation of the 
drawbead restraining force (DBRF) and the binder hold-down force (BHF). In 
1978, Weidemann [96] proposed a model for calculation of the DBRF, based on a 
calculation of the bending action imposed by the drawbeads.  Weidemann's model 
has a very simple form and is convenient to use for initial assessment of the DBRF, 
but the model has several substantial shortcomings. The shortcomings stem from a 
simplification of the drawbead action, where several central characteristics are 
neglected, such as the strain hardening and thinning behavior of the sheet material, 
elastic deformation and the applicability of the formula for partial penetrations.  
Tukefci et al. [90] showed that Weidemann’s model underestimated the DBRF with 
40-59% for steels and 35% for 2036-T4  aluminium. Kluge [97] proposed an 
analytical model where strain hardening behavior is introduced by calculation of 
the average flow stress after each bending action. Based on the principle of virtual 
work Stoughton [98] proposed an analytical model, where the shortcomings of the 
previous models were addressed. Comparison with experimentally obtained 
drawing values showed that the model proposed by Stoughton gives an accurate 
description of the restraining force, with an accuracy of approximately 5% for the 
DBRF and 13% for the BHF. Other analytical models for the description of the 
DBRF and the BHF include the work done by Wang [99],  Heindrich [100], Sanchez 
and Weinmann [101], Levy [102] and Yellep [103]. Several studies have 
furthermore been conducted for numerical simulation of the drawbead action 
[104][105]. Chabrand et al. [106] described the first numerical model for simulation 
of the DBRF using a finite strain elasto-plastic analysis. Several authors have since 
investigated the possibility of adapting equivalent models for numerical simulation 
of the drawbead action for forming complex three-dimensional geometries [107]–
[109]. 
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2.7 Universal sheet tribotester  
The Universal Sheet Tribo-tester (UST) was developed at the DTU-MEK in 2012, 
for conducting simulative sheet metal forming tests. An overview of the main 
components of the UTS [110], [111] is shown in Figure 9.  
 
Figure 9: Overview of the UST 
The UTS has three main hydraulically driven axes, controlled by electromechanical 
valves for adjustment of speed and load. Axis 1 is used for drawing the strip material 
through the forming tool while measuring the drawing force with a 50 kN load cell. 
Axis 1 can draw the strip 500 mm before returning to the starting position to restart 
the drawing sequence. Axis 2 is used for application of back tension for BUT 
testing, while axis 3 is used for application of the test load for SRT and drawbead 
testing. The three axes are controlled through a PLC, via a Labview program. The 
sheet material is drawn from a 500-1000 m coil, enabling simulative testing of 
thousands of strokes. Upon drawing of the strip material, automatic cutting, for 
shortening of the scrap material, can be enabled with the cutting station. The UST 
can thereby accurately simulate the tribological conditions of a manufacturing 
platform with specific process parameters, i.e. sliding length, sliding speed, idle 
time for offline evaluation of different tribosystems. An overview of the operational 
parameters of the UST is given in Table 1 [112].  
Table 1: Overview of the operational parameters of the UST 
Sliding length  0 - 500 mm 
Sliding speed (mm/s) 0 - 150 mm/s 
Cycle time (spm) 0 - 95 spm 
Load, Axis 1 (kN) 0 - 50 kN 
Load, Axis 2 (kN) 0 - 50 kN 
Load, Axis 3 (kN) 0 - 100 kN 
Coil 
Cutting station 
Axis 1 
PLC 
Axis 2 
Carriage Tool Guiding and 
lubrication 
Axis 3 
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2.8 Environmentally benign tribosystems 
The environmental issues related to the field of metal forming tribology can be 
divided into the following categories [113]: 
1. Health and safety of people 
2. Influence on equipment and buildings 
3. Destruction and disposal of waste and remaining products 
Along with increasingly restrictive legislative initiatives, continuous efforts have 
been made for the elimination of hazardous chemicals, reduction of waste and 
development of alternative, environmentally benign tribosystems. With a 
comprehensive overview of the recent developments and trends within the field of 
metal forming tribology Bay et al. [5], [6], [114] reviewed the conducted research 
for the development of alternative, environmentally benign tribosystems for cold, 
warm and hot forging and sheet metal forming. Bay et al. highlighted the recent 
development of new lubricant types, tool coatings, textured tool surfaces and anti-
seizure tool materials used as environmentally benign tribosystems for sheet metal 
forming processes.  
     In 2005, the Danish Ministry of Environment presented a comprehensive report 
on mapping and development of alternatives to chlorinated lubricants used in metal 
forming industry [12]. The report presented a list of demands and specifications for 
the non-chlorinated lubricants and an extensive health and environmental 
assessment of alternative lubricant additives. Based on different simulative tests, 
four lubricant systems were identified to have promising lubricating qualities. 
These lubricant systems where however not able to facilitate a full-scale production 
test with forming operations consisting of several production steps. As part of an 
EU project, Friis et al. [115] conducted a study for evaluation of alternative 
lubricants for the production of a stainless steel pump cover with a progressive 
forming tool. The study showed that a TiAlN tool coating combined with a mineral 
oil with a Ca-, P- and S-based additive package could replace the highly chlorinated 
paraffin oil that was previously used in production. Jewvattanarak et al. [116] 
similarly conducted a test series for analysis of the efficiency of chlorine-free 
lubricants. The study showed that chlorinated lubricants have excellent lubricating 
abilities due to synergy with different lubricant additives. The study furthermore 
found that only a fraction of the sulphur additives in the lubricants interact with the 
surface oxides and that a higher amount of interaction could be promoted with 
increased temperatures. Rao and Xie [117] conducted a benchmark study, where 
the performance of boric acid was compared to several different types of commonly 
used dry and liquid lubricants for forming of aluminium 6061 and pure copper. 
Based on a series of deep drawing and stretch forming tests, Rao and Xie found that 
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the boric acid provided the best lubrication in forming operations which involved 
long sliding lengths. The tribological performance of boric acid for forming of 
aluminium was later studied by Wei et al. [118] who found that boric acid dry films 
and combinations with mineral oil films provide a low COF with better lubricating 
properties than different commercial forming lubricants. Takaki et al. [119] 
presented a study on the development of chlorine free lubricants for cold forming 
of stainless steel. Based on multistep cup internal ironing test, the performance of 
commercially available chlorine free, S-based lubricants were evaluated by 
measurement of the surface roughness of the workpiece after testing. The 
performance of the most promising commercially available lubricant was enhanced 
with the addition of S-, Ca- and Zn-based EP-additives.  Djordjevic [120] conducted 
a benchmark study with a SRT with a double wedge die, where the performance of 
an environmentally benign lubricant was compared to the performance of 
conventional forming lubricants. Rehbein [121] characterized the tribological 
behavior of different lubricant additives with different physical and chemical 
properties with a strip drawing test and an SRV test. The investigation showed that 
the lubricants containing sulfurized triglycerides exhibited the lowest COF. The 
size, polarity  and concentration of the additive compounds were found to have the 
most significant influence in the tests, while the chemical reactivity of the sulphur 
bridges in the molecules was found to have less importance. 
     The application of dry film lubricants has gained increasing popularity due to its 
tribological properties, cleanliness and the small amount of lubricant required 
compared to liquid lubricants [122].  Altan et al. [123]–[126] presented a series of 
investigations on the applicability of new lubricants as substitutes for petroleum-
based oils in automotive sheet metal forming. The lubricants were evaluated 
through a number of different simulative sheet metal forming tests, including deep 
drawing and ironing tests, where the performance was evaluated by the measured 
ironing load, the surface quality of the ironed cup and the apparent shear friction 
factor. Meiler and Pfestorf et al. [127] studied the use of dry film lubricant for deep 
drawing of complex body panels. The dry film lubricant enhanced the deep drawing 
performance while enabling a cleaner production process compared to conventional 
forming lubricants. Sgarabotto and Ghiotti [118] compared the tribological 
performance of environmentally friendly solid lubricants to conventional synthetic 
forming lubricants, by evaluation of surface topography and the measured COF in 
a flat die test. The study found that solid lubricants on average provide a lower COF 
compared to synthetic forming lubricants. The stability of the COF for solid 
lubricants is, however, heavily influenced by the adhesion to the substrate. Several 
studies [128], [129] have furthermore investigated the characteristics of minimum 
quantity lubrication, as a method for reducing the amount of lubricant needed for 
production. 
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     Along with the advances of new environmentally benign lubrication systems, 
the development of advanced anti-seizure tool materials has proven valuable for 
enhancement of the tool life of forming tools [130]. Azushima and Jimbo [131], 
[132] studied the anti-seizure properties of high chromium steels and high-speed 
steels for cold rolling of low-carbon steels. With an investigation of seven different 
steel variants, the study showed that the tribological characteristics of the tool 
material are highly correlated to the morphology of the carbides on the roll surface. 
Comprehensive experimental investigations have been carried out by Tamaoki et 
al. [133]–[135] on the applicability of ceramics as tool materials for deep drawing 
of different types of sheet material. The studies showed that ceramic tooling for 
deep drawing allows a dry forming process. The ceramic tool materials, however, 
have different compatibilities with the different types of sheet material. Different 
electroconductive ceramics were found to possess promising characteristics, due to 
their tribological performance and their electric discharge machinability. 
     During the last 70 years, a number of processes have been developed for 
prolonging tool life with diffusion and deposition techniques [136]–[138].  PVD 
and CVD coatings have in the recent years gained significant popularity in metal 
forming industry due to their intrinsic high wear resistance and low friction 
properties. Podgornik et al. [113] studied the galling properties of tool steels with 
four different PVD coatings. The study showed that deposition of a DLC coating of 
the WC/C type provided excellent protection against material transfer in the 
contacting interface.  A comparative study on the mechanical and tribological 
characteristics of DLC coatings was furthermore conducted by Vercammen et al. 
[139]. The study concluded that the mechanical and tribological properties of DLC 
coatings could vary greatly depending on the specific coating type. Murakawa et al. 
[140], [141] and Taube [142] investigated the applicability of DLC coated forming 
tools for deep drawing of aluminium under dry conditions. The studies showed that 
certain surface coatings possessed promising anti-galling properties with good 
adhesion to the substrate. Sgarabotto and Ghiotti [143] presented a study on the 
mechanical and tribological characteristics of TiAlN and CrN coatings with a S390 
cold working tool steel. The coatings were evaluated with a flat drawing test, pin-
on-disc test and a scratch test for evaluation of the COF, wear resistance and 
adhesion to the substrate. The TiAlN coating was found to have superior wear 
resistance and adhesion behavior, while the CrN coating was found to have the 
lowest COF in both dry and lubricated conditions. In 2011 Ghiotti and Bruschi 
[144] conducted a similar study for evaluation of the performance of DLC coatings 
compared to TiAlN and CrN coatings with a K340 cold working tool steel substrate, 
by reproducing the kinematic and mechanical conditions of a typical industrial 
forming process.  The study showed that a CrN-DLC coating system exhibited a 
low COF, low wear rates and strong adhesion to the substrate.  Sresomroeng et al. 
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[145] characterized the tribological performance of commonly used PVD coatings 
by nano-indentation, ball-on-disk testing, scratch testing, and U-bend testing. The 
study found that the most efficient anti-galling tool coatings for high strength steels 
are characterized by having high hardness and a high elastic modulus. The anti-
galling properties of the tool coatings are furthermore highly influenced by the 
adhesion between the coating and the substrate. Several authors [146]–[152] have 
conducted similar studies, with simple tabletop test equipment, for characterization 
of the tribological properties of different tool coatings for forming operations. Sato 
and Besshi [153] evaluated the anti-galling performance of cemented carbide and 
TiC, TiN, CrN tool coatings on an SKD11 substrate with a U-bending test. The U-
bending test was conducted with a sheet material of alumnium 5052 with a white 
spindle oil with respectively 0, 5, 10 and 20 wt% chlorinated paraffins added to the 
oil. The study found that all the tool coatings which provided increased anti-galling 
performance compared to the untreated substrate. The cemented carbide was, 
however, found to exhibit the best tribological performance. Tamaoki et al. [154] 
studied the performance of a polycrystalline diamond coating for dry deep drawing 
of aluminium, mild steel and stainless steel. The study found that the polycrystalline 
diamond coating could obtain a similar limiting drawing ratio as when forming 
sheet material under lubricated conditions with a conventional die steel. The tool 
coating furthermore exhibited promising tribological performance when polished 
to a surface roughness of Rz= 0.5 μm with a special ultrasonic polishing technique. 
Liljengren et al. [155] conducted a comprehensive study on a systematic approach 
for selection of die materials, hardening methods and surface treatments for forming 
of high, extra high and ultra-high strength steels. Based on a U-bend test combined 
with a visual inspection of the surface quality of the formed component, a 
preliminary guideline was created for the selection of material and surface treatment 
of different deep drawing tool components.  
     The influence of the topography of the contacting surfaces of a tribosystem on 
friction and lubrication is well established in literature [156]–[159]. Enhancement 
of tribological properties by altering the surface topography of the tool and 
workpiece surfaces has been subject for research since the early 1980s [54], [160], 
[161] and a number of different techniques have since been applied for texturing of 
hardened tool surfaces. These techniques include shot blasting,  electro-discharge 
machining [162], laster texturing [163], [164], electron beam texturing [165], 
chemical etching [166], rolling ball indentation [167] and milling combined with 
grinding and manual polishing [168]. The mechanism of lubrication by lubricant 
entrapment in tailored surface structures was initially described by Mizuno and 
Okamoto [169], who named the lubrication mechanism microplasto hydrodynamic 
lubrication. The mechanism of microplasto hydrodynamic lubrication has since 
been studied extensively by Kudo [170] and Azushima et al. [171].  Bech et al. 
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[172] studied the mechanism of lubricant entrapment in sheet metal forming, with 
a strip drawing test with a transparent tool with a similar test setup as described by 
Azushima et al. [171]. Bech et al. tested the influence of varying lubricant viscosity, 
drawing speed, reduction, die angle, back tension, workpiece material and  
frictional conditions. Based on the experimental observations a theoretical model 
was established for the mechanism of lubricant escape. Models for the description 
of the lubricant entrapment mechanisms have since been developed by Lo and 
Wilson [173], Azushima [174] and Stephany et al. [175]. Mousavi et al. [176] 
showcased a preliminary study on the combined influence of blank preparation, tool 
coating and tool structuring for supporting a deep drawing operation under dry 
conditions. Several studies have furthermore investigated the enhanced wear and 
friction conditions introduced by the implementation of structured tool surfaces 
[177]–[181].  
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Chapter 3 Process monitoring in sheet  
  metal forming  
Galling is a wear phenomenon commonly encountered in various sheet metal 
forming processes, often occurring when working with tribologically difficult 
materials such as stainless steel, Al- or Ti-alloys. The galling mechanism is 
characterized as a localized macroscopic transfer of metallic material between 
contacting surfaces, where surface damage progressively increases in severity. The 
occurrence of galling is a major issue in sheet stamping industry since it causes tool 
damage, poor surface quality of the formed components and production stops. It is 
reported that galling accounts for up to 71% of the cost of die maintenance [182], 
[183] in stamping industry. Online process monitoring of sheet metal forming 
operations is therefore of significant interest in order to actively minimize the 
occurring wear in production to increase productivity, reduce maintenance costs 
and increase tool life. Online evaluation of the wear state of the forming tools can, 
therefore, form the basis for scheduling of condition-based tool maintenance and 
eliminate the unscheduled stoppages in production due to tool wear.  Early detection 
of the onset of galling can thereby allow for the implementation of preventive 
measures such as repolishing and recoating of the forming tools. While online 
condition monitoring of machining process like turning, milling and drilling have 
been subject ri extensive investigation during the last 40 years, condition 
monitoring of forming processes has received less attention [184]. Different types 
of strain, acceleration, force, proximity, optical, acoustic emission (AE) and audio 
sensors [185] have been applied in preliminary studies on condition monitoring of 
sheet metal forming processes. Since tool wear, in conventional sheet metal 
forming, occurs in the contacting interface between the sheet metal and the forming 
die, online process monitoring for sheet metal forming operations require an 
indirect measuring technique with sufficiently high sensitivity to detect any minute 
differences in the process, in order to evaluate the wear state of the process. Direct 
evaluation methods such as visual inspection and image processing techniques are 
therefore deemed to have limited applicability for this purpose. Conventional 
indirect measuring techniques, e.g. measurement of process loads, have however 
typically been found to have too limited sensitivity for assessment of tribological 
conditions in complex stamping operations [186]. Measurement of AE has, on the 
rother hand, been successfully applied as an online monitoring technique for 
evaluation of different tribological characteristics in different metal forming 
operations [187]–[189]. Behrens et al. [190] found that acquisition and analysis of 
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AE signals allow for online assessment of production conditions and deviations in 
production processes. Skåre [191] similarly noted that energy analysis of the AE 
signals allows for an evaluation of the quality of lubrication and detection of process 
deviations in the sheet metal forming operations such as the stick-slip effect and 
cracking. Mostafavi and Pashmforoush [192] successfully applied the AE technique 
for detecting the onset of galling in a slider-on-sheet test, noting a direct relation 
between the wear mechanism and peak AE amplitudes. Several studies [187], [188], 
[193]–[206] have noted a similar correlation between wear severity and different 
time domain parameters. Common for these studies are, however, that they were 
conducted with simple simulative tests e.g. pin-on-discs tests with reciprocating or 
rotary motion, that do not encompass the complexity of simulative sheet metal 
forming tests or actual production tests. Most studies found in literature, are 
furthermore conducted in controlled laboratory environments, and less attention is 
paid to the applicability of the AE technique for industrial applications. The present 
study, therefore, aims at evaluating the applicability of the AE technique for 
detection of the onset of galling and description of the continuous wear progression, 
for development of a methodology for online process monitoring for sheet metal 
forming operations. Based on preliminary studies on process monitoring of 
simulative sheet metal forming tests, the present study aims at deriving a 
methodology for characterization of friction, wear and process deviations that can 
be applied for monitoring of a deep drawing process. 
3.1 Basics of acoustic emission 
AE is a non-destructive testing technique based on the measurement of dynamic 
surface motion induced by a transient release of elastic stress waves. Elastic waves 
are generated transiently in solids in the ultrasonic frequency range due to 
mechanical stimulus e.g. caused by cracking, rubbing, polishing, impact, cavitation 
and leakage [207].  The occurrence of AE events is experienced as dispersed energy 
propagating as elastic waves, which can be detected using piezoelectric AE sensors. 
AE signals generally occur in two distinguishable forms; namely as burst signals or 
continuous signals. Burst-type emissions are characterized by being individual 
emission events of very short duration and larger amplitudes.  A continuous AE 
signal is on the other hand defined as having a sustained signal level, which is 
produced by rapidly occurring AE events. Common waveform parameters for 
analysis of AE are defined in the ISO 12716: 2001 standard, see Figure 10. 
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Figure 10: Illustration of common waveform parameters [208].
 
AE signals are composite signals [209] from different AE sources and different 
sources of background noise. The ability to detect abnormalities non-destructively 
has resulted in extensive use of AE for monitoring of different manufacturing 
processes [187], [210] and structural health monitoring [211], [212]. Signal 
processing of acquired AE signals, therefore, aims to evaluate the nature of the AE 
source by analysis and quantification of signal characteristics. Signal processing of 
AE signals often encompasses analysis of time-, frequency- and time-frequency 
domains. Selection of adequate signal processing methods is, however, highly 
dependent on the nature of the AE source and the objective of the analysis.  
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3.2 Determination of the coefficient of friction in a 
 strip drawing test with acoustic emission 
Preliminary study with AE monitoring was done with a strip drawing test for 
characterization of frictional conditions during the test with a common metal 
forming operation that emulates the forming condition in the flange region of a deep 
drawing die. The strip drawing test is furthermore a direct friction test that is 
commonly applied for evaluation of the COF in sheet metal forming. The study, 
therefore, aims at evaluating the COF with AE as an indirect measuring technique, 
compared to the COF normally evaluated by measurement of the normal force and 
the drawing force with conventional load cells. 
3.2.1 Experimental setup 
The strip drawing test was conducted with 500x50x1.5mm strips of aluminium 
NG5754. The strips were lubricated with a synthetic forming lubricant with a 
viscosity of 244.5 cSt with and an applied coating weight of 1.5 g/m2. For the test, 
41.5x30mm tool inserts were used with an applied CrN coating on a base material 
of D2 tool steel. Two series of tool inserts were manufactured with surface finishes 
of respectively Ra=0.1 μm and Ra=1.7μm. A normal force of 10 kN was applied 
during testing. The strip drawing test consisted of four strokes drawn consecutively 
on the same tool surface with a total sliding length of 800mm. 
     The generated AE was measured with a National Instruments 9223 analog-to 
digital-converter with a sampling rate of 1MHz at a 16-bit resolution, connected 
through a National Instruments 9174 4-slot expansion chassis. Simultaneous data 
acquisition was carried out using a preprogrammed setup in LabView, with a data 
segmenting function in order to avoid buffer overflow. A R15α general purpose, 
narrowband AE sensor from Physical Acoustics was attached to the base of the tool 
holder, see Figure 11, with a thin layer of grease-paste to improve acoustic coupling. 
The AE sensor has an operational frequency range of 50 - 400 kHz and a resonant 
frequency of 75 kHz. The sensor was connected to a Physical Acoustics 2/4/6 
analogue signal preamplifier with a 60 dB signal gain. The analogue signal 
preamplifier had a built-in bandpass filter of 20-1200 kHz. The Nyquist sampling 
theorem states that a continuous signal can be represented correctly if the captured 
waveform is sampled at a sampling rate of more than twice its highest frequency 
component. If this condition is not fulfilled the captured signal will experience an 
overlap of signal frequencies. This phenomenon is called signal aliasing. A 
sampling rate of 1 MHz was therefore selected in order to support the operational 
range of the AE sensor and suppress signal aliasing and loss of signal amplitude at 
 28  
 
  
high frequencies. The same AE test setup is used for the following laboratory tests 
described in this chapter. 
 
Figure 11: Strip drawing tester at the University of Warwick. 
Due to a physical restriction in the test machine, the only possible location for 
placement of the AE sensor was at the base of the tool holder, as shown in Figure 
11.  
3.2.2 Experimental results 
The measured COF and AE signal is shown in Figure 12.  
  
(a) (b) 
Figure 12: Development of the COF and the AE signal with a tool insert with a surface finish of (a) 
Ra=0.1 μm and (b) Ra= 1.7 μm. 
Upon testing, the surface structure of the aluminium samples were evaluated with 
white light interferometry with the Alicona Infinite Focus G4. An overview of the 
surface structure of strips after testing is shown in Figure 13. 
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(a) (b) 
Figure 13: Surface structure of the aluminium strips after testing with a tool insert with a surface 
finish of (a) Ra=0.1 μm and (b) Ra= 1.7 μm. 
Evaluation of the surface structure of the strip material after testing and the 
measured COF indicates that the highly polished tool surface introduces stable 
forming conditions that generates a smooth surface on the strip material and a low 
COF of approximately 0.1. The test series conducted with a tool insert with a 
surface roughness of Ra=1.7 μm is found to have cyclic increase and decrease in 
the measured COF between each strip that was drawn. This behavior is attributed 
to the increased surface roughness of the tool, which causes delamination of the 
CrN coating. The delaminated wear particles act as third body wear particles in the 
interface between the tool and the workpiece and thus introduce increased abrasion 
on the surface of the workpiece material, as seen in Figure 13b. The sudden decrease 
in the measured COF is caused by the removal of third body wear particles when a 
new strip is inserted into the strip drawing tester between each stroke. The measured 
RMS signal is found to be in good agreement with the COF that was determined by 
measurement of the drawing force and the normal force with piezoelectric load 
cells. The AE signal is furthermore found to have comparable sensitivity to the 
changes in the frictional conditions experienced during testing in the two different 
test series, as the measurements made with conventional load cells.  
     The preliminary test with AE as an indirect measuring technique for evaluation 
of the basic forming conditions in a strip drawing test was found to give promising 
results. Further testing is required for establishing a methodology for measurement 
of the generated AE, data treatment and quantification of tribological characteristics 
during testing. 
Height subrange   
[μm] 
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3.3 Determination of the coefficient of friction in an 
 upsetting ironing test 
For further characterization of the frictional conditions in forming operations, the 
upsetting sliding test is used as a supplementary test for evaluation of the COF with 
AE. The upsetting sliding test developed The Polytechnic University of Hauts-de-
France is [213] used for evaluation of forming tribological conditions in bulk metal 
forming operations.  
3.3.1 Experimental setup 
The upsetting sliding test is conducted by inducing plastic deformation by upsetting 
a cylindrical workpiece with a semi-circular forming tool, followed by a vertical 
displacement of the workpiece, see Figure 14. 
 
 
(a) (b) 
Figure 14: Upsetting sliding test shown by (a) the test stand and (b) a schematic illustration of the 
upsetting sliding process [214]. 
The upsetting sliding test was conducted with a 49 mm Ø15 6082-T6 aluminium 
alloy cylinder as the test workpiece and an R20 tool of X38CrMoV5-3  hot work 
tool steel lapped to a surface roughness of Ra=0.4 μm. A 5 mm beveled edge was 
machined into the base of the billet to ensure proper initial contact upon 
displacement of the workpiece. The test was conducted with a 0.1 mm penetration 
and a sliding speed of approximately 50 mm/sec. A pure, high viscosity mineral oil 
was applied to the surface of the billet prior to testing.  The test stand, shown in 
Figure 14a, was equipped with two load cells for measurement of normal and 
tangential forces during testing. Eq. 2 shows how the COF can be determined using 
the measured forming forces [215]. 
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 𝜃1 = 𝑎𝑟𝑐𝑜𝑠 (1 −
𝑝
𝑅0
) (1) 
 𝜇 =
sin 𝜃1  
𝐹𝑇
𝐹𝑁
− (1 − cos 𝜃1)
sin 𝜃1 + (1 − 𝑐𝑜𝑠 𝜃1)
𝐹𝑇
𝐹𝑁
 (2) 
where p is the penetration, R0 is the indentor radius, θ1 is the maximum angle of 
contact between the indentor and the workpiece, FT is the tangential force and FN is 
the normal force. 
 
3.3.2 Experimental results 
The measured forming forces and an overview of the tool and workpiece geometry 
are shown in Figure 15. The acquired AE signal during testing and a spectrogram 
made with a Short Time Fourier Transform (STFT) for analysis of the frequency 
components, is shown in Figure 16. 
 
 
(a) (b) 
Figure 15: Experimental results from the upsetting sliding test with (a) the measured tangential, Ft, 
and normal force, Fb, during testing and (b) an overview of the workpiece and forming tool after 
testing. 
Figure 15 shows that upon initial stabilization of the forming forces, the COF 
fluctuates between 0.19 and 0.22 during testing. Inspection of the tool surface 
reveals minor levels of adhesive wear accumulated on the tool surface. The minor 
increase in the COF initiating after approximately 0.4 s is therefore attributed the 
pick-up of workpiece material on the tool surface. 
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(a) (b) 
Figure 16: Signal analysis of the acquired AE during testing with (a) the raw AE signal and (b) STFT 
of the AE signal. 
The captured AE signal is found to contain highly periodic burst type emissions 
with high amplitudes, as seen in Figure 16a. Spectral analysis of the AE signal 
shows that these burst emissions appear in a wide frequency range from 5-340 kHz, 
with the highest amplitude found in the 5-200 kHz frequency range. The frequency 
range central to the forming process is found to be 5-95 kHz, where continuous 
emissions are measured during testing. The periodic burst emissions are possibly 
attributed to the hydraulic drive system implemented in the test setup. In order to 
minimize the influence of the external noise sources a band-pass filter of 5-95 kHz 
is introduced, see Figure 17. 
 
Figure 17: Development of the COF and the AE signal during the upsetting sliding test after 
introducing a 5-95 kHz band-pass filter. 
As seen in Figure 17, the application of a highly restrictive band-pass filter aids the 
suppression of the influencing signal noise. Several high amplitude peaks are, 
however, still present after filtering. Good agreement is found between the RMS 
value and the COF, as also seen in the strip drawing test. Minor deviations between 
the AE signal and the measured COF is found in the first and last 0.1 seconds of the 
test due to the start and stoppage of the sliding sequence. 
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3.4 Detection of the onset of galling in a strip 
 reduction test using acoustic emission 
Based on the findings from the preliminary studies with the two friction tests, a 
SRT was studied for monitoring of wear conditions during testing and evaluation 
of the influence of different test setups and their implicated characteristics (e.g. 
noise sources and process kinematics) on the captured AE signal. 
3.4.1 Experimental setup 
The SRT, see Figure 18, is a testing method used to emulate the forming conditions 
in an ironing process. The SRT is conducted by placing a strip on a supporting plate, 
which is fixed in a tool jaw, while a circular cylindrical tool pin is loading the top 
of the strip to a defined reduction in thickness. The strip is subsequently drawn with 
constant speed.  
 
Figure 18: Schematic illustration of the experimental setup for the SRT [216]. 
The SRT was performed with a 20%  reduction in thickness of a 1mm EN 1.4307 
stainless steel strip using a Ø15 mm AISI M3:2 tool pin, polished to a surface 
roughness of Ra = 0.06 μm. The drawing length was 300 mm, and the drawing 
speed was approximately 70-100 mm/s. Three different lubricants were used for the 
test. A description of the lubricants is given in Table 2. 
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Table 2: Overview of the lubricants used for the SRT. 
Code Name Description 
Viscosity at 
40°C (cSt) 
CR5/Sun60 
Houghton 
Plunger CR5, 
Sunoco Sun 60 
Mixture of 50 wt.% Sunoco Sun 60 
plain low viscosity naphthenic 
mineral oil and 50 wt.% Houghton 
Plunger CR5 high viscosity mineral 
oil. 
60 
Pn226 
Castrol Iloform 
PN 226 
Medium chlorinated paraffin oil 
with S-, P-, ester-additives, and 
ZDDP 
66 
D321R 
MOLYKOTE 
D321-R 
Air-curing dry lubricant with 
molybdenum disulfide and graphite 
- 
 
The lubricant was applied manually on the surface of the strip with two different 
configurations. In the first configuration, the lubricant covered the entire surface of 
the strip material, while in the second configuration the lubricant was only applied 
to the surface on the first half of the strip. This was done in order to have a well-
defined limit where a transition from good to poor lubrication is experienced during 
testing.  
     After the SRT, the surface roughness of the strip was measured with a 30 mm 
measurement interval with a Surtronic 4+ roughness tester with a cut-off filter of 
0.8 mm. The surface quality of the tested strips was furthermore inspected with 
scanning electron microscopy (SEM). 
3.4.2 Pencil lead breaking test 
The pencil lead breaking test is a commonly used method for determining system 
performance with analysis of a reproducible artificial AE source [217]. This source 
type is often called a Hsu-Nielsen source based on the work done by Hsu and 
Nielsen [218]. The pencil lead breaking test was conducted by pressing a 
mechanical pencil at an inclined angle against a surface, with a sufficient pressure 
to cause breakage of the lead.  The breakage of the lead releases transient stress 
waves that can be used for evaluation of system characteristics like the sensor 
coupling and signal attenuation in the structure. For the current study, the pencil 
lead breaking test was applied for the evaluation of optimal sensor placement during 
testing. The sensor placement is, in the current study, limited to the tool housing 
due to a restriction of the physical space in the tool setup. The influence of placing 
the sensor on different positions on the tool housing is, however, to be studied with 
the pencil lead breaking test. The pencil lead breaking test was conducted with a 
Ø0.5mm 2H type pencil lead at an angle of 30° with a length of 3mm. The pencil 
lead breaking test was conducted with four repetitions, in accordance with the 
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ASTM-E-2374-10 standard, for each of the two different sensor placement 
locations, see Figure 19. 
(a) 
 
(b) 
Figure 19: Sensor positioning for the pencil lead breaking test. (a) Position 1: 32mm from the center 
of the tool pin. (b) Position 2: At the center of the tool pin. 
  
(a) (b) 
Figure 20: Measured signal amplitude during the pencil lead break testing at (a) Position 1 and (b) 
Position 2. 
By evaluation of the measured signal amplitudes in the two test series, it is found 
that across the four test repetitions an average reduction of 1,23 V is measured in 
the peak amplitude of the signal when the sensor is moved 32mm from the center 
of the tool pin. The optimum sensor placement, for the present study, is therefore 
at the center of the tool pin, closest to the interface between the tool and the surface 
of the workpiece, where the signal experiences the smallest amount of signal 
attenuation. 
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3.4.3 Experimental results 
An overview of the surface structure of the strips after testing is shown in Figure 
21 and Figure 22. The corresponding measurements of surface roughness and the 
raw AE signal are shown in Figure 23 and Figure 24. 
 
Figure 21: Overview of the surface structure of the strips upon reduction of the thickness. 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 22: SEM micrographs of different regions of the strips after testing. The listed numbers refer 
to the locations shown in Figure 21. (a) Smooth surface finish obtained with the Pn226 lubricant. 
(b) Fracture of a friction junction using the Cr5/Sun60 lubricant. (c) Minor scratches on the sheet 
surface using the CR5/Sun60 lubricant. (d) Severe scoring of the sheet material using the CR5/Sun60 
lubricant. 
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By evaluation of the surfaces structure of the strips after testing, it is found that the 
Pn226 lubricant with the chlorinated additive package exhibits a very good 
lubricant performance that inhibits the occurrence of galling. The SEM image, 
shown in Figure 22a, shows that the strip has a smooth surface structure, where the 
surface asperities have been flattened during testing. The Cr5/Sun60 lubricant 
conversely shows very poor performance, with substantial scoring of the workpiece 
surface during testing. Figure 22c shows the initial stage of galling with Cr5/Sun60 
lubricant, with the development of minor scratches on the workpiece surface. At an 
increased sliding length, seen in Figure 22d, the developed wear increases in 
severity due to the breakdown of the lubricant film and pick-up of wear particles on 
the tool surface.   
  
(a) (b) 
Figure 23: Measured surface roughness after testing: (a) Arithmetic mean roughness value and (b) 
Number of valleys deeper than 0.5 μm. 
For characterization of the surface structure of the strips after testing two roughness 
parameters were evaluated, see Figure 23. Evaluation of the Ra-parameter is from 
previous studies [79] found to give a good indication of the overall wear state during 
testing. The Nri-parameter was defined by Andreasen et al. for quantification of 
wear in a SRT. The Nri-parameter is defined as the number of valleys deeper than 
0.5 μm in the captured surface profile. The Nri-parameter can thereby give 
supplementary information about the surface structure, e.g. the occurrence of minor 
scratches, which is lost when averaging the roughness value as done with the Ra-
parameter. The sudden increase in the Ra-parameter indicates the threshold sliding 
length for lubricant breakdown and subsequent initiation of galling. 
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Figure 24: Raw AE signals from the different test series. 
Initial comparison of the developed surface roughness of the workpiece during 
testing and the generated AE reveals a correlation between the wear severity and 
the signal activity of the captured AE signal. The occurrence of a sudden, rapid 
change in the frictional conditions e.g. seen in the ½ D321R and Cr5/Sun60 2 test 
series can be seen in the captured AE signal as a large, continuous increase in the 
signal amplitude. The ½ D321 R test series, which is partly lubricated, furthermore 
reveals a very sharp transition in the captured AE signal due to the sharp transition 
from lubricated to dry conditions at the center of the strip.  
 39  
 
  
The occurrence of other process deviations such as fracturing of friction junctions, 
see in Figure 22b, can also be detected with AE, where it is seen as a local decrease 
in the signal amplitude. This corresponds to the local decrease in the average surface 
roughness in the Cr5/Sun60 test series at a sliding length of approximately 110mm. 
     A preliminary frequency analysis was made with a Fast Fourier Transform 
(FFT) for characterization of the frequency composition of the acquired AE signals, 
see Figure 25. 
 
Figure 25: FFT of the AE signal from the ½ D321R test series. 
From the spectral analysis of the acquired AE signal, it is found that five major 
frequency peaks at 36, 52, 68, 92 and 121 kHz can be distinguished.  Based on these 
central frequency peaks, the influence of signal filtering is evaluated in Figure 26. 
 
Figure 26: RMS of raw and filtered AE signals. 
Figure 26 shows the RMS value of the raw AE signal compared to the RMS of the 
signals subjected to a band-pass filter of respectively 50-400 kHz and 75-400 kHz. 
The 50-400 kHz band-pass filter corresponds to the operational range of the sensor, 
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as specified by the manufacturer. The comparison of the signals shows that adapting 
progressively restrictive band-pass filters reduces the amplitude of the AE signal, 
while still maintaining the same development of the signal. This indicates that the 
acquired AE is not noticeably influenced by external mechanical or electrical noise 
sources. Analysis of the frequency content of the acquired AE signal furthermore 
shows that the signal generated during the SRT contains major peaks at lower 
frequencies in the range of 10-50 kHz. These peaks were detected with the R15α 
sensor, indicating that the sensor has a level of sensitivity outside the specified 
operational range defined by the manufacturer. In order to assess the frequency 
content of the signal and how it changes over the duration of the SRT a spectrogram 
was made with the STFT, see Figure 27.  
 
 
 
 
(a)  (b)  
Figure 27: STFT analysis of the AE signal from the (a) ½ D321R test series and the (b) ½ Pn226 
test series. 
The spectrogram, shown in Figure 27, shows the central frequencies of the two test 
series, ½ D321R and ½ Pn226, over the duration of the test. Both test series were 
partially lubricated, where the onset of galling initiated at approximately a 150 mm 
sliding length with different severity of the subsequent wear development for the 
respective lubricants. For both test series the first half of the test, prior to lubricant 
film break down, is characterized by signal activity in the frequency range from 10-
200 kHz, with the largest frequency peaks at 68 kHz and 121 kHz. At the onset of 
galling the ½ D321R test series experienced a sharp transition from lubricated to 
dry conditions, where the AE signal gains a large increase in signal amplitude for 
the frequency range 10-150 kHz. An increase in amplitude in the same frequency 
range is seen in the ½ Pn226 test series, however, with a gradual increase in signal 
activity due to the mild transition from lubricated to dry conditions for the oil-based 
lubricant. Across the different test series, the STFT shows that the occurrence of 
galling is in the AE signal reflected by an increase in signal amplitude in the 
frequency range of 10-150 kHz. The wear mechanism can, therefore, be quantified 
using a time domain based analysis. In order to methodically compare the different 
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test series, a threshold limit is established as a reference value for the signal activity 
under stable conditions without the occurrence of galling, see Figure 28. 
  
(a) (b) 
Figure 28: RMS of the AE signal from (a) the Pn226 test series and (b) Cr5/Sun60 2 test series. 
The threshold value is established by taking the AE signal from the Pn226 test 
series, which resulted in a smooth surface structure, as a reference value. This 
threshold value encompasses the AE generated from the sliding friction, 
deformation of the workpiece material and possible influencing noise sources 
during testing. Comparing the Cr5/Sun60 2 test series to this threshold value shows 
a steady amount of threshold crossings within the first 150mm drawing length. Mild 
scratching was observed on the surface of the workpiece material in the first 150mm 
drawing length, corresponding to the increase in the number of valleys deeper than 
0.5 μm, seen in Figure 23b. An increase in the count rate is found at a sliding length 
of approximately 150mm when the onset of galling is initiated, where a large 
increase in the Ra-value was measured. This indicates a correlation between the 
count of the threshold crossings and the wear severity experienced during testing. 
     In order to reduce the computationally expensive analysis of the captured signal, 
signal decimation was carried out by calculation of the RMS value of the signal 
with a 0.01 ms integration constant [219]. This eases the process of data analysis 
since the high sampling rate typically used for analysis of AE often results in the 
generation of very large data sets. Adaption of the RMS value therefore greatly 
decimates the size of the data set and rectifies the signal. The RMS value describes 
the AE energy over time, which is the main parameter of interest for evaluation of 
the frictional conditions, as seen in the strip drawing test and the upsetting sliding 
test. An overview of the number of threshold crossings and the corresponding 
development of the measured surface roughness is shown in Figure 29. 
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Figure 29: Accumulated threshold counts compared to the developed surface roughness (marked 
with dots). 
It can be gathered from Figure 29, that the first test series with the CR5/Sun60 
lubricant has a high level of AE activity, due to the immediate onset of galling. This 
is in good agreement with the developed surface roughness, which correspondingly 
indicates a rampant increase in the surface roughness. The second test series with 
the same lubricant indicates a lower wear rate with increased severity 
approximately at a 150mm drawing length. The strips, which were partly lubricated 
with the Pn226 lubricant, indicate a minor level of signal activity after a drawing 
length of 150 mm, in accordance with a small increase in the average roughness 
values. This indicates that the AE method has sufficient sensitivity to detect the 
occurrence of minor levels of galling. The presented methodology thus allows for 
an initial estimation of the onset of galling through assessment of the acquired AE. 
Accumulating the counts above the threshold value allows for an assessment of the 
point in which galling initiates, defined as the threshold drawing length where a 
continuous increase in signal activity is experienced. The severity of the occurring 
wear and the lubricant quality can therefore also be evaluated by comparing the 
total amount of counts above the threshold value. This furthermore indicates a direct 
correlation between signal activity and the roughness of the generated surface, 
which is indicative of the wear severity. This allows for a direct ranking of the 
lubricant efficiency during testing.  
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3.5 Continuous monitoring of a strip reduction test 
 using acoustic emission 
Since the preliminary tests were all limited to single stroke operations with sliding 
lengths of 50-500mm where accelerated wear rates are experienced, a final test 
campaign was conducted for evaluation of the gradual deterioration of a tribosystem 
with process conditions that emulate an industrial process layout. The usage of DLC 
tool coatings [220] has previously been found to prolong the tool life of forming 
tools while reducing the demands of the lubricants used for different metal forming 
operations. This allows for a more environmentally benign production without the 
use of hazardous lubricants. While facilitating production without the use of 
hazardous lubricants, the occurrence of coating deterioration can cause damage to 
the forming tools and produce components with diminished surface quality. The 
present study, therefore, aims at evaluating the progressive deterioration of a tool 
coating and the subsequent onset of galling during testing using AE. 
3.5.1 Experimental setup 
The SRT test was conducted with two cylindrical tool pins of AISI M3:2 with a 
diameter of Ø15mm, polished to a surface roughness of Ra = 0.02μm prior to 
deposition of a surface coating of 3μm DLC upon a 3 μm AlTiN-based base coating 
of Hyperlox®. An illustration of the SRT setup is shown in Figure 30. The 
workpiece material used for the SRT was EN 1.4307 stainless steel, with a width of 
30mm and a thickness of 1mm, where a 20% reduction in the sheet thickness was 
performed during testing. For the test, a drawing sequence was performed with a 
40mm stroke length and a sliding speed of 50mm/s with an idle time of 0.5s between 
each stroke. A schematic illustration of the tool setup is shown in Figure 30. 
 
Figure 30: Illustration of the SRT tool setup developed for the UST. 
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3.5.2 Experimental results 
The surface structure of the tool pins after testing is shown in Figure 31, where 
pick-up of workpiece material and delamination of the tool coating is observed. The 
generated surface structure of the workpiece material, which was in contact with 
the upper tool, is shown in Figure 32. 
 
Figure 31: Tool pins after 726 strokes. 
 
(a) 
 
(b) 
 
(c) 
 
Figure 32: Surface structure of the ironed strip after (a) 38 strokes (b) 495 strokes (c) 722 strokes. 
The drawing direction is from right to left. 
The drawing force and the generated AE during testing are shown in Figure 33. 
 
 
 
Upper tool 
Lower tool 
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(a) (b) 
Figure 33: (a) Drawing force and (b) AE measured during testing. 
From the force measurements, seen in Figure 33a, a stable drawing force is seen at 
stroke number 38, corresponding to the smooth surface structure in Figure 32a. At 
the onset of deterioration of the tool coating, at approximately stroke 495, an 
increase of the drawing force was measured. As the surface damage progressively 
increases in severity in the subsequent strokes, an increase in the drawing force was 
measured. Evaluation of the development of the drawing force is thus found to give 
a good basis for monitoring the occurring surface damage during testing. The 
generated AE during testing reveals a similar tendency, with a very low signal level 
at the initial strokes, while a significant increase in the signal level is noted after 
stroke 495, where surface damage is apparent on the workpiece material as shown 
in figure Figure 32b.  Common for the AE measurements is furthermore that, an 
increase and decline in the signal amplitude is found in each stroke due to 
acceleration and deceleration of the carriage of the UST. From the surface structure 
of the tool pins after testing, seen in Figure 31, it is seen that the tool pins have 
experienced noticeable delamination of the top and base coating and subsequent 
accumulation of wear particles from the sheet material. AE activity measured in 
stroke 38, therefore, serves as a baseline that captures the AE generated during 
normal forming conditions, without a deteriorated tool coating. The gradual 
increase in the signal amplitude in the subsequent strokes indicate a deviation in the 
process due to accumulated damage of the tool coating. A drastic increase in signal 
amplitude is seen in stroke 726, where the strip fractures at the end of the stroke 
due to excessive pick-up on the tool pins. The generated AE during testing is 
therefore found to be highly correlated to the tribological conditions during testing. 
Assessment of simple time domain parameters such as the RMS level can, 
therefore, give detailed information about the process conditions during forming.  
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3.6 Monitoring of a deep drawing process 
Several simulative forming tests have been examined, in this chapter, for derivation 
and refinement of a methodology for characterization of AE for online process 
monitoring of frictional conditions in sheet metal forming operations. Based on 
these findings an analysis on process monitoring of a deep drawing process is 
presented. 
3.6.1 Experimental setup 
Deep drawing of cylindrical cups was done with a Roell & Korthaus KG deep 
drawing machine. The test was conducted with Ø55mm 70/30 brass blanks with a 
1mm thickness. For the test, a Ø35mm die with a rounding radius of 5mm on the 
die shoulder was used, with a blank holder force of 0,4 kN. Molykote DX paste was 
applied to the surface of the blanks prior to each test. Two die sets were used for 
the test. The first test series was conducted with a newly polished forming die, while 
the second test series was conducted with a worn die in order to evaluate the 
differences in the generated AE. 
3.6.2 Experimental results 
An overview of the surface quality of the cups drawn with the two die sets is shown 
in Figure 34. The cup formed with the worn die is found to have severe scoring on 
the cup wall, while the polished die results in a smooth surface structure. 
 
(a)                                  (b) 
Figure 34: Deep drawn 70/30 brass cups formed with (a) a polished die and (b) a worn die.   
 47  
 
  
An FFT analysis of the frequency components of the acquired AE signals during 
the drawing operation is shown in Figure 35. 
 
Figure 35: FFT of captured AE during deep drawing. 
The FFT analysis reveals that the central frequencies of the deep drawing operation 
are primarily in the range of 10-180 kHz, as also seen in all the simulative process 
tests. The characteristic frequency peaks are highlighted in Figure 35. For 
evaluation of influencing noise from the hydraulic system, a test series was 
conducted where the blank holder force is applied without drawing of the sheet 
material. The frequency content of measured process noise is found to be centered 
around frequencies of 22 kHz and 61 kHz. In order to suppress the influence of the 
hydraulic noise, the AE signal is filtered with a high-pass FFT filter, as shown in 
Figure 36. 
  
(a) (b) 
 
 
(c)  
 
Figure 36: RMS of signals with (a) no filtering , (b) a 22.5 kHz high-pass filter and (c) a 30 kHz 
high-pass filter.  
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Adaption of a high-pass FFT filter is found to suppress the most dominant 
frequency components of the hydraulic noise. The central frequency range of the 
drawing operation is, however, found to overlap with the frequencies characteristic 
of the hydraulic system. Adapting an increasingly restrictive FFT filter can 
therefore also reduce the amplitude of the AE signal that contains information about 
the tribological characteristics of the drawing process. It is therefore difficult to 
evaluate the exact cut-off frequency necessary for optimal signal filtering. Adaption 
of a high-pass filter in the range of 22.5-30 kHz is however found to reduce the 
influence of the low-frequency process noise for initial characterization of the 
generated AE. Comparison of the two drawing sequences shows that deep drawing 
with the worn die generated an AE signal with a higher signal amplitude due to the 
scoring of the surface of the sheet material, as shown in Figure 36. A similar 
correlation between wear severity and signal amplitude has been found in all the 
previous simulative tests. Several concurrent studies [221]–[224] have similarly 
highlighted the possibility of characterizing wear behavior in stamping processes 
with time domain parameters. 
3.7 Conclusion 
The presented study examined the possibility of using measurements of AE as an 
online monitoring technique for characterization of forming conditions. Based on 
several different simulative forming tests, a correlation was found between the 
tribological conditions experienced during different sheet metal forming operations 
and the generated AE. Analysis of a strip drawing test and an upsetting sliding test 
showed that measurements of AE could be used for evaluation of the COF during 
testing with comparable sensitivity to measurements of process loads with 
conventional load cells. Measurement of the AE generated during the SRT allowed 
for assessment of different process parameters such as lubricant efficiency, 
quantification of surface damage and tool deterioration by comparing the developed 
AE signal to a reference value that indicates stable process conditions. Through 
analysis of these simplified laboratory tests, a methodology was derived for 
evaluation of process conditions with AE as an indirect measuring technique. Based 
on the derived methodology, measurement of AE was used for characterization of 
process deviations in a deep drawing operation. The study found that analysis of 
time domain parameters, with adequate signal filtering, could be applied for 
analysis of wear related process deviations. 
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Chapter 4 Wear and lubrication in  
  stamping 
Tool wear is a mechanism of surface damage commonly seen in sheet metal 
forming processes, caused by relative motion between tribologically stressed 
surfaces. Understanding the wear behavior and being able to evaluate the efficiency 
of different tribosystems is therefore valuable in order to facilitate a robust sheet 
metal stamping production. The nature of the wear mechanism is however highly 
dynamic and dependent on a range of different process and material parameters 
such as tool geometry, tool/workpiece material, surface conditions, process loads, 
speeds and temperatures. This makes a selection of a suitable tribosystem for a 
specific production platform difficult, in terms of evaluation of the necessary tool 
life and maintenance costs [225]. Several studies have highlighted the wear issues 
stemming from the adaption of new high strength steel grades in the automotive 
industry [226], further emphasizing the importance of selecting suitable 
tribosystems for sheet metal forming operations.  
     A number of studies have been conducted for characterization of tool wear in 
sheet metal stamping with numerical simulation. Hoffmann et al. [227] presented a 
methodology to simulate tool wear in sheet metal forming based on a wear 
coefficient that was determined by the deep drawing of a cup for quantification of 
the occurring wear. They furthermore presented a simulation scheme, where the 
changes in tool geometry caused by wear is implemented for simulation of the life 
cycle of stamping tools. Eriksen [228] presented a study where the optimization of 
a die geometry, in terms of minimization of the occurring tool wear, was achieved 
by FEM simulation of the Wear Index (which is identical to the wear work 
introduced later by Eq. (6)). It is similarly shown in several recent studies that an 
adaptation of the Archard wear equation gives an accurate description of the 
development of the tool wear. Pereira et al. [229] studied the influence of the contact 
sliding distance in a typical sheet metal stamping process. The analysis of contact 
conditions showed that a specific region in the tool interface is subjected to long 
sliding distances combined with high contact pressures, resulting in critical 
conditions in terms of the overall wear development. Wang et al. [230] investigated 
the influence of several process variables like binder pressure, lubrication 
coefficient and tool coatings on the tool wear distribution of a stamping die with 
numerical simulations. Based on the numerical simulations a selection of 
appropriate process parameters was tailored for optimization of the tool life. Wang 
and Masood [231] investigated the influence of various die profiles on the wear 
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properties of forming tools. Ersoy-Nürnberg et al. [232] presented a method of wear 
simulation with a modified Achard model, where a variable wear coefficient is 
implemented. Numerical simulation with the modified Archard model was shown 
to give an accurate description of the wear development at different stages of the 
tool life. 
     In the present chapter, an industrial case study on analysis of wear and 
lubrication in an industrial production platform is showcased. The case study is 
based upon the production of an exhaust gas recirculation (EGR) component made 
by the Danish company AAO Steel. A highly chlorinated forming oil has been used 
for stamping of the sheet material, to form the body of the EGR component. The 
company expresses the aim of substituting the chlorinated forming oil with an 
environmentally friendly lubricant in order to meet the legislative requirements. 
Based on the industrial case study, the presented work, therefore, aims at 
characterizing the tribological severity of the specified production platform for the 
selection of suitable tribosystems.  
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4.1 Industrial case study - Stamping of an emission 
 gas recirculation component  
EGR components are used in automotive applications for reduction of emissions in 
internal combustion engines and improvement of fuel economy. The manufacturing 
process for production of the EGR component is illustrated in Figure 37. 
 
 
Initial blank 1. Stamping 
  
2. First trimming operation 3. Second trimming operation 
  
4. First TIG-welding operation 
5. Second TIG-welding 
operation 
Figure 37: Schematic illustration of the production of the EGR component. 
The initial manufacturing step consists of a one-step stamping operation of a 1.5mm 
thick blank of EN 1.4301 stainless steel. The formed component then undergoes a 
blanking operation for trimming of the remaining flange after the stamping 
operation. A second trimming operation is afterwards conducted, where the formed 
component is trimmed around the center line. The trimmed component is afterwards 
TIG-welded to a mirrored shell component, forming the body of the EGR 
component. In the final production step, the body of the EGR component is TIG-
welded to a connector valve. The presented study is centered around the tribological 
problems related to the first production step, where the sheet metal is formed 
through a single stroke stamping operation. The stamping operation is carried out 
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with a manually operated hydraulic, single-action press with a draw cushion, where 
the forming die is lowered down upon a stationary draw punch. An overview of the 
forming tools is shown in Figure 38. 
 
 1. Counter-holder/ejector 
 2. Draw punch 
 3. Punch holder 
 4. Forming die 
 5. Blank holder 
 6. Draw cushion 
 7. Top plate 
 8. Press bed 
Figure 38: Schematic overview of the forming tool components. 
The forming tools were made from a Sleipner® tool steel, which is hardened to 60 
HRC and polished to a surface finish of Ra = 0.05 μm. The first generation of the 
tool design was made without any further surface treatment of the tool steel. The 
manufacturer later made a second forming tool with a Tenifer® QPQ surface 
treatment for improved anti-galling performance. The lubricant used for the 
stamping process is Illoform BWN 205, which is a heavy duty deep drawing oil 
containing chlorinated paraffins.  During production, the lubricant is manually 
applied to the surface of the sheet metal blank, with a paint roller by the press 
operator. This suggests that the lubricant dosage is loosely controlled and could 
vary significantly between the different press operators. The production rate of the 
component is approximately 150 parts per hour. The manufacturer specifies that a 
forming lubricant for this specific production platform should support a minimum 
of 200 strokes without deterioration of the surface quality of the formed component 
due to breakdown of the lubricant.  
 
 
 
1 2 3 4 5 6 7
8
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The manufacturer furthermore specifies that an alternative forming lubricant, 
besides a comparable tribological performance to the Iloform BWN 205, should be 
easily degreased and filtered by the lubricant recovery system in the press shop. 
     As shown in Figure 38, the forming die and the blank holder has a stepped 
drawbead geometry around the perimeter of the die opening in order to facilitate a 
correct flow of the sheet metal during the forming operation.  The initial drawbead 
design proposed prior to die tryout is a fully penetrating drawbead with a rounding 
radius and bead gap approximately equal to the initial blank thickness. The final 
geometry of the drawbead was obtained through a trial and error procedure in the 
die tryout stage. In the die tryout stage, the die manufacturer alters the drawbead 
geometry by manual grinding, in order to tailor the restriction of the material flow. 
The final drawbead geometry, therefore, has a significant influence on the forming 
behavior of the component and the tribological conditions experienced in 
production. For automotive components made in stainless steel, like the EGR 
component, a guideline value for the maximum reduction in the thickness of the 
sheet material during forming is 20-30%, in order for the component to maintain 
sufficient mechanical integrity. This limits the maximal restriction of the material 
flow induced by the drawbead. 
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4.2 Methodology for offline testing of sheet metal 
 forming tribosystems 
As a systematic approach for analysis of tribosystem efficiency Ceron [13] 
proposed a methodology for offline testing of sheet metal forming tribosystems. 
The flowchart shown in Figure 39 summarizes the workflow of the methodology.  
 
Figure 39: Methodology for offline testing of sheet metal forming tribosystems [13]. 
The methodology for offline simulative testing takes its starting point with 
reference to a specific product design, produced on an industrial production 
platform. The product design forms an initial outline of the main geometrical and 
mechanical properties that characterize the tribosystem e.g. blank size, shape and 
workpiece material. The production platform further specifies main process 
parameters like production rate, tool material and tool geometry. Finite element 
analysis can afterwards be used for investigation of the main tribological parameters 
that characterize the production process, for extraction of experimental parameters 
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that can be used for selection of an appropriate laboratory platform. Once a 
laboratory platform is selected, FE analysis can furthermore be used to ensure that 
the designed laboratory platform replicates comparable process characteristics 
compared to the reference production platform. Promising tribosystems can 
afterwards be evaluated by offline testing; whereafter full-scale production tests can 
be initiated with the most promising tribosystems. 
4.3 Analysis of production conditions 
4.3.1 Load and travel 
Initial characterization of the forming conditions of the stamping operation was 
made by measurement of load and travel of the main press cylinders with built-in 
pressure and displacement transducers. The travel of the main cylinders of the press 
and the corresponding forming forces are shown in Figure 40.  
 
Figure 40: Overview of forming forces and the travel of the main press cylinders. 
From the forming loads and travel of the press cylinders, the cycle time of the 
production process can be evaluated. The forming operation was conducted with an 
average blank holder force of 439 kN and a total process time of approximately 8.5 
s, followed by an idle time of 16s between each formed component. In the idle time, 
the press operator manually removes the formed component and inserts a new 
lubricated blank into the forming tools. The process time consists of 4.5s of 
forming, where the sheet material is formed against the forming die and the draw 
punch. The travel of the main press cylinder is limited to a stroke length of 73mm, 
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whereafter contact is made between the draw punch and the counter-holder/ejector, 
resulting in a rampant increase of the force at the end of the stroke. In the final 
sequence of the forming operation, the forming tools are retracted, and the forming 
die is opened for manual removal of the formed component. 
4.3.2 Measurement of die temperature 
For evaluation of the temperature profile experienced during production of the EGR 
component, a series of thermographic measurements of the forming die were made 
during production with an AGEMA Thermovision® 570 thermal imaging camera. 
An overview of the setup is shown in Figure 41. 
 
Figure 41: Thermographic measurement of the forming die. 
The thermal imaging camera was positioned at a distance of 550mm from the 
forming die. Prior to conducting the measurements, the ambient temperature in the 
press shop was measured to be approximately 20.5°C. The relative humidity was 
further assumed to be 50%, as a common default value for thermographic 
measurements. Evaluation of the emissivity of the forming die was done by 
conducting reference measurements with a type K thermocouple at a specified 
reference point on the forming die. With this method an emissivity of 0.25 was 
determined. With proper calibration of the thermal imaging system, the 
manufacturer of the thermal imaging camera states the thermographic 
measurements have a measuring accuracy of ±2°C [233]. The thermographic 
measurements are, however, highly dependent on the approximated emissivity of 
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the measured object. The emissivity is, however, highly sensitive to several 
characteristics of the measured object such as material type, surface finish and the 
thickness of the oil film on the surface. The remaining oil film on the surface of the 
die can vary greatly since the sheet metal blanks are lubricated manually by the 
press operator. The amount of remaining oil on the surface can furthermore 
accumulate during the test series, resulting in a variable emissivity during testing. 
     Thermographic measurements were made with the first 50 strokes in the 
production of the EGR component, see Figure 42, whereafter a stabilization of the 
temperature profile was achieved. The thermographic image was captured after 
opening of the forming die and manual removal of the formed component, implying 
approximately 5-8 seconds between the end of the forming process and capturing 
of the thermographic image.  
 
  
  
Ambient die temperature before 
testing 
Stroke no. 1 
  
Stroke no. 10 Stroke no. 20 
  
Stroke no. 40 Stroke no. 50  
Figure 42: Temperature development in the forming die during the production of the EGR 
component.  
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4.3.3 Scanning of tool geometry 
A 3D scan of the forming die was made using an ATOS Triple Scan optical scanner, 
see Figure 43. The optical scanner measures the geometry of the die by triangulation 
of a fringe pattern that is captured using a two-camera system. For measurement of 
the forming die, a series of 3mm reference points were placed on the die surface. 
Since the forming die has a highly polished surface, a thin layer of titanium oxide 
was sprayed onto the die in order to enhance the definition of the captured surface. 
Calibration of the optical system was done according to the recommended 
procedure from the manufacturer, Figure 43a. This involved measurement of a 
calibration panel from varying distances, positions and different orientations of the 
camera system. The measurements were carried out with a MV560 (560mm x 
420mm x 420mm) lens setup at a measuring distance of approximately 830mm, in 
a temperature-controlled laboratory with an air temperature of 20.5°C ± 0.5°C. Two 
separate series of scans were conducted for the blank holder and the forming die, 
each consisting of 10-12 partial scans that were merged into a final model.  
  
(a) (b) 
Figure 43: Photographs from optical scanning showing (a) Calibration of the optical scanner. (b) 
Scanning of the forming die. 
Post-processing of the obtained die geometry was done with the MeshLab software. 
Post-processing of the scanned die geometry consisted of removal of redundant, 
scanned features and down sampling of the generated point cloud with a Poisson-
disc algorithm, in order to obtain a point cloud with approximately 40-50,000 data 
points. This was done in order to facilitate further processing of the scanned model, 
while still maintaining an accurate discretization of the die geometry.  
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A general overview of the drawbead geometry of the forming die is shown in Figure 
44, from the 3D scans of the die geometry.  
 
(a) (b) 
Figure 44: Overview of the rounding radii of the drawbead geometry on (a) the blank holder and (b) 
the forming die. 
Four zones, grouped by the size of the rounding radii of the drawbead, are identified 
on the blank holder and the forming die as seen in Figure 44.  Zone 1 and zone 2 
contain relatively small rounding radii, which results in heavy restraining of the 
material flow. Zone 3 and zone 4 contain larger rounding radii, resulting in a lesser 
restriction of the material flow. A sectional view of the drawbead geometry in zone 
3 is shown in Figure 45. 
  
(a) (b) 
Figure 45: Sectional view of the drawbead geometry in zone 3 (a) before and (b) after die tryout. 
The sectional view of the drawbead geometry, shown in Figure 45, shows the 
dimensional changes made to the drawbead during the die tryout procedure. The 
initial rounding radius of the drawbead on the blank holder and on the forming die 
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is after the die tryout procedure increased and altered to have a gradual transition 
of the rounding radii. This is done by repeated manual grinding and polishing. The 
increase in the rounding radii is similarly found to increase the bead gap from being 
approximately equal to the initial sheet thickness (1.5mm) to 2.97mm. The stepped 
drawbead geometry, however, maintains the same bead penetration after the die 
tryout procedure. 
4.3.4 Material model 
Characterization of the mechanical properties of the EN 1.4301 sheet material was 
done with a plane strain compression test. The plane strain compression test was 
selected since the test allows for evaluation of the mechanical properties of 
materials at substantially higher strains than achievable with tensile testing. In order 
to satisfy plane strain conditions, the test was conducted with a sheet thickness to 
tool width ratio of t/wt = 0.25-0.5. The width of the workpiece material should 
furthermore be at least five times its thickness. This is essential in order to obtain 
homogenous deformation and limit the influence of friction during testing. The 
plane strain compression test was conducted with a series of tools with widths of 
2.5, 5 and 10 mm. The test was furthermore conducted with a 5mm stack of sheet 
material, i.e. 5 sheets, on a 60 ton Mohr & Federhaff hydraulic press. Prior to each 
test series, the tools were lubricated with a Molycote DX paste.  
 
Figure 46: Stress-strain curve for the EN 1.4301 stainless steel. 
Figure 46 shows an overview of the experimentally obtained data points, from the 
plane strain compression test, with curve fitting of common material models. For 
simulation of the stamping process, the Voce material model is selected since the 
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model accounts for the saturation of the work hardening behavior of the material, 
while material models based on power law regression often overestimates the flow 
stress when extrapolating to higher strains. 
 
4.3.5 Analysis of sheet material flow during forming 
The scanned model was imported into LS-DYNA for FE analysis of the stamping 
process. For the FE analysis, the forming tools were modeled as elastic steel tools 
with a variable mesh size of 0.5-1mm around the drawbead region, in order to 
adequately simulate the bending action introduced by the drawbeads. The geometry 
of the blank was modeled with a quadrilateral mesh with an initial mesh size of 2.5 
mm. Adaptive remeshing of the blank was implemented, with three levels of mesh 
refinement during the simulation. The simulation was set up with a standard shell 
element formulation (Belytschko-Tsay formulation). Characterization of the strain 
hardening behavior of the sheet material was done with a plane strain compression 
test, where a Voce hardening curve of σf=135+(1785-135)(1-e-2.5εeq) [MPa] was 
determined for the material, see Figure 46. The Coulomb friction model was 
adapted for the FE setup with a friction coefficient of μ = 0.1.  The COF was 
determined by reverse analysis, as shown in section 4.4. With FE analysis the 
influence of the drawbead geometry on drawing behavior of the stamped 
component is illustrated in Figure 47 by comparing the outer contour of the flange 
to the initial blank contour. 
  
(a) (b) 
Figure 47: Contour of the initial blank and the formed component after stamping with (a) the initial 
drawbead geometry and stamping without drawbeads and (b) stamping with the final drawbead 
geometry. 
Figure 47a shows the restraining action of the drawbeads with the initial drawbead 
geometry, where the rounding radii of the drawbead is equal to the thickness of the 
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sheet material along the entire perimeter of the die cavity. This drawbead geometry 
results in a highly restricted flow of the sheet material. The initial drawbead 
geometry is furthermore found to introduce a uniform draw-in of the sheet material, 
throughout the perimeter of the die cavity. Forming the same component without 
drawbeads, shown in Figure 47a, will conversely result in excessive draw-in of the 
flange material and will not induce sufficient work hardening of the sheet material. 
Forming the component without drawbeads will furthermore increase the risk of 
wrinkling, due to inadequate stretching of the sheet material. Figure 47b shows that 
the drawbead geometry obtained in the die tryout introduces a variable restriction 
along the perimeter of the sheet metal blank, seen in the variable sliding length of 
the sheet material.  Figure 48 shows the influence of the drawbead geometry on the 
shape and thickness of the formed component. 
  Thickness 
[mm] 
   
(a) (b)  
Figure 48: Thickness distribution of the formed component with (a) the initial drawbead geometry 
and (b) the final drawbead geometry. 
Figure 48a showcases the influence of forming the EGR-component with the initial 
drawbead geometry. The large restriction in the material flow, due to the small 
rounding radii of the drawbead, results in a large flange remaining after forming 
and substantial thinning of the component.  The large restriction of the material 
flow greatly exceeds the 20-30% formability guideline for automotive components 
in stainless steel, and the thinning will possibly also result in fracturing on the top 
part of the component, where the largest reduction in the thickness is found. The 
final drawbead geometry, however, results in a variable draw-in of the sheet 
material ensuring a uniform thickness of the formed component and that the 
component has a remaining flange that enables proper trimming and TIG-welding 
in the following production steps.
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The analysis of the draw-in characteristics furthermore shows that the drawing 
behavior of the sheet metal can be approximated well with numerical simulations 
with the implementation of the scanned forming die. The accuracy of the FE 
simulation is evaluated by comparison of the outline of the formed component with 
the simulated result as well as a comparison the forming forces, see Figure 49. 
 
 
Figure 49: Comparison of the measured and simulated forming forces. 
Minor deviations between the numerical results and the formed component are 
found in Figure 47, most noticeably, at the upper end of zone 1 where the flow of 
the sheet material is completely restricted and in zone 4 where the flow of the sheet 
material is underestimated in the simulation. Comparison of the forming forces in 
Figure 49 shows overall good agreement, however with a deviation at the end of 
the stroke, where the measured forming force has a rampant increase due to the 
contact between the draw punch and the counter-holder/ejector.  
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4.3.6 Analysis of process conditions and wear severity 
A large number of models have been developed for the description of friction and 
wear phenomena, based on either empirical studies or basic principles of contact 
mechanics [234]. The Archard wear model [235] is the most commonly applied 
wear model in commercial finite element software for modeling of wear in 
manufacturing processes. The wear model states that the volume loss w (mm3) due 
to wear is governed by the product of the normal force FN (N) and the accumulated 
sliding length L (mm) and is inversely proportional to the surface hardness H 
(HRC).  The wear coefficient K is determined by the material properties of the 
contact pair. 
 𝑤 = 𝐾
𝐹𝑁𝐿
𝐻
 (3) 
For adaption of the wear formula into finite element calculations, the wear volume 
change per unit area at a certain time step ?̇? is expressed by the normal pressure P 
(MPa) and the relative sliding velocity vt, 
 ?̇? = 𝐾
𝑃𝑣𝑡
𝐻
 (4) 
The total wear volume is obtained by integration of the wear volume rate over time, 
 𝑤 =
𝐾
𝐻 
∫ 𝑃𝑣𝑡𝑑𝑡
𝑡
 (5) 
The integral in Eq. (5) introduces the wear work Z (MPa∙mm), which allows for a 
qualitative evaluation of the wear severity independent of the material properties of 
the contact pairs, as the wear work is directly proportional to frictional energy 
dissipated in the contacting surfaces [236]. The wear work is thereby, 
 𝑍 = ∫ 𝑃𝑣𝑡𝑑𝑡
𝑡
 (6) 
Holm [237] and Rabinowicz [238] described wear models with similar structures 
to Archard’s wear model. The models were, however, applied for describing atomic 
wear in electrical contacts and abrasive wear respectively.  
     The variable forming conditions introduced by the drawbeads impose different 
tribological loads on the forming tools. For evaluation of the severity of the forming 
process, a simulation of the distribution of the contact pressure and the wear work 
was made, see Figure 50 and Figure 51. 
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 Contact 
pressure 
(MPa) 
 
 
               (a)                                                (b)  
Figure 50: Simulated contact pressure in (a) the blank holder and (b) the forming die during 
forming. 
 Wear work 
(MPa∙mm) 
 
 
                    (a)                                                (b)  
Figure 51: Simulated wear work in (a) the blank holder and (b) the forming die during forming. 
For the present study, the wear severity is analyzed by evaluation of the wear work 
developed in one stroke. This is based on the assumption that no significant changes 
in the drawbead geometry will occur due to wear in the first 200-300 strokes, where 
the lubricant performance is evaluated. From the simulated contact pressure 
distribution, seen in Figure 50, it is confirmed that the zones with smaller rounding 
radii of the drawbeads are exposed to higher contact pressures. From the wear work 
in Figure 51, it is similarly seen that the combination of high local contact pressures 
and moderately long sliding lengths (as seen in Figure 47) result in severe wear 
conditions in zone 2, with a wear work of more than 8,000 MPa∙mm. Another 
 
 
  
Normal 
pressure (MPa) 
 
Fig. 5: Simulated normal pressure in (a) the blank holder and (b) the forming die.  
A B 
Zone 2a 
Zone 2a 
Fig. 5: Simulated normal pressure in (a) the blank holder and (b) the forming die.  
 
  
Wear work 
(MPa∙mm) 
 
 Fig. 6: Simulated wear work in (a) the blank holder and (b) the forming die. 
From the simulated pressure distribution, seen in Fig. 5, it is confirmed that the zones with smaller  
A 
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critical region, in terms of wear, is the die shoulder in zone 3, which is subjected to 
moderately high contact pressures combined with a very long sliding length at the 
center of the component. The plane contact between the die and the blank holder, 
in zone 3, is similarly exposed to increased wear work due to the long sliding length 
of the sheet material. 
     The FE model is furthermore used for extraction of central process parameters, 
like the blank holder pressure, needed for the definition of the experimental testing 
parameters. An overview of the pressure distribution, when the 439 kN blank holder 
force is applied, is shown in Figure 52. 
 Contact 
pressure (MPa) 
 
 
 
Figure 52: Contact pressure distribution in the forming die after application of the blank holder force. 
Simulation of the contact pressure distribution in the forming tools shows that upon 
application of the blank holder force an average contact pressure of 9 MPa is found 
in the blank holder region of the forming die. The simulation furthermore shows 
that the majority of the blank holder force rests on the drawbead geometry when 
the blank holder force is applied, due to the bending of the sheet material. 
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4.4 Offline testing 
4.4.1 Development of a drawbead tool for simulative 
 testing 
For simulative testing of the tribological conditions in the drawbead, a simulative 
tool has been designed for the UST, see Figure 53. 
 
Figure 53: Schematic illustration of the drawbead tool with a cross-sectional view of the main tool 
components. 
With the proposed tool design, the drawbead action can be simulated by drawing 
strip material (1) through a series of stationary tool pins (2), which are positioned 
in vertical and horizontal tool grooves (3,4). The center tool pin is kept in place 
during testing by the vertical axis of the UST, while the outer tool pins are fixed 
with a set of bolts (5). The positioning of the tool pins can be adjusted in the grooves 
(3) by the use of shims, thereby allowing a variation of central drawbead parameters 
such as bead penetration and bead gap. Variation of the tool pin geometry, setup 
and positioning furthermore enable simulation of different types of drawbeads, e.g. 
stepped drawbeads, rectangular drawbeads, and semi-circular drawbeads. In order 
to ensure correct effective rounding radii during forming, three constant gap tools 
(6) were placed, so that the strip conforms to the curvature of the tool. Back tension 
can furthermore be imposed on the strip in the stepped drawbead configuration, by 
force control of the vertical axis (Axis 3) of the tribotester. The general 
specifications of the tool design are listed in Table 3. 
Tool design 
 
 
 
 
 
Section A 
Section A 
6 
6 
1 
3 
2 
2 
2 
4 
5 
3 
2 
1 
4 
 68  
 
  
Table 3: Tool design specifications. 
Specifications Value 
Rounding radii [mm] 1-10 
Maximal drawbead 
restraining force [kN] 
50  
Bead gap [mm] 0-10 
Penetration depth [mm] 0 to full penetration with 
the specified radii 
Sheet thickness [mm] 1-2 
Sheet width [mm] ≤60 
 
The proposed tool design allows for a variation of the main drawbead parameters 
in order to simulate the exact operating conditions in a specific production platform. 
Along with a variation of the geometrical drawbead parameters, the tool design is 
made with changeable tool pins, which can be tailored in terms of tool material, 
hardness and surface topography. 
 
Figure 54: Tool pins for the drawbead tool. 
The tool pins are milled with square ends, fitting to the tool groves for positioning 
of the tools. Each tool, therefore, has four tool surfaces, which can be used for 
testing as each tool surface progressively deteriorates during the individual test 
series due to tool wear.   
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4.4.2 Testing parameters 
Based on the analysis of the drawbead geometry and the resulting tribological loads, 
which the drawbead design introduces, a test setup has been designed to 
experimentally replicate the drawbead conditions in zone 2, see Figure 51, which is 
the region with the most severe tribological loads.  The presented test setup was 
made with sheet material of 1 mm thickness. Scaling down the drawbead 
dimensions with the same factor as the sheet thickness allows to emulate 
comparable drawing characteristics in terms of surface strains, DBRF and contact 
pressures in the tool/workpiece interface [239][240].  The testing parameters were 
furthermore designed to emulate the production parameters of the manually 
operated press used in production, in terms of process times, sliding length and 
sliding speed of the forming tools. Two test series were conducted, respectively 
with uncoated tools and tools with a Tenifer® QPQ surface treatment, in order to 
analysze of the performance of the two versions of the forming tools used for the 
production of the EGR component. A summary of the experimental parameters is 
shown in Table 4. 
Table 4 Overview of experimental parameters. 
 
 
 
 
 
The performance of three alternative, environmentally friendly lubricants were 
analyzed in the presented study.  These commercially available lubricants were 
selected together with the manufacturer of the EGR component, based on the 
promising tribological performance of the lubricants found in previous studies [13], 
[241]. 
     Due to a limitation of the minimum test load of the UST, the normal force is 
increased to 17 kN, corresponding to an average normal pressure of 18,8 MPa. 
While the increased normal pressure in the planar contact might locally increase the 
wear rate, the increased normal force will aid with compensation for the die opening 
force experienced during testing. 
  
Tool material Sleipner, hardened to 
60 HRC 
Tool surface roughness Ra = 0.05 μm  
Blank holder force, Fb 17 kN 
Sliding length 17 mm 
Sliding speed 4 mm/s 
Idle time 19.5 s 
Strip width 30 mm 
Bead penetration 2 mm 
Bead gap 2 mm 
Drawbead entry radius 2 mm 
Drawbead exit radius 2.5 mm 
 
 
 
 
 
 
 
 
 
 
1. Drawbead (entry side) 
2. Drawbead (exit side)  
3. Blank holder 
4. Constant gap tool 
5. Sheet material 
1. Drawbead (entry side) 
2. Drawbead (exit side)  
3. Blank holder 
4. Constant gap tool 
5. Sheet material 
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4.4.3 2D analysis of the drawbead test 
For evaluation of the test conditions, a 2D FE model was developed in LS-DYNA 
assuming plane strain conditions. An overview of the main components of the 2D 
model is shown in Figure 55. The FE model consists of two drawbead tools, which 
are modeled as elastic materials. Discretization of the drawbead tools is done with 
a quadrilateral mesh with an increasingly refined mesh towards the rounding of the 
tool (0.02mm element size) in order to ensure proper contact conditions with the 
strip. For the mechanical simulations, only the main region around the rounding 
radii of the drawbead tool is discretized in order to limit the number of elements in 
the simulation and the required computational power for conducting the 
simulations. The blank holder tool and the constant gap tool are modeled as rigid 
tools. The blank holder tool is defined with a small draft angle in order to avoid 
sharp corners and ensure proper contact in the interface. The sheet material used for 
the 2D simulations is defined by a Voce-formulation of σf=135+(1785-135)(1-e-
2.5εeq) [MPa] as shown in section 4.3.4. 
 
Figure 55: Overview of the setup of the 2D FE model for simulation of the drawbead test. 
The COF was determined with reverse analysis, by calibrating the 2D simulation to 
experimentally determined values of the necessary drawing force required to draw 
the strip material through the specified drawbead setup with the Iloform BWN 205 
lubricant, see Figure 56a. 
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(a) (b) 
Figure 56: Numerical simulation of the drawbead test with (a) reverse analysis for determination of 
the COF and (b) simulation of drawbead forces. 
The reverse analysis reveals that the numerical simulation which was conducted 
with an assigned COF of 0.1 to the contacting interfaces between the tools and the 
workpiece material results in a simulated drawing force which is good agreement 
with the experimentally measured drawing force. Once the correct COF is 
determined for the 2D analysis, process conditions such as the drawbead opening 
force, see Figure 56b, and the contact pressure in the tool/workpiece interface can 
be evaluated. Due to the cyclic bending of the sheet material induced by the 
drawbeads, a vertical force component is introduced that can open the forming die 
if exceeding the BHF [242]. The 2D analysis indicates that the specified drawbead 
geometry introduces a drawbead opening force of 4.2 kN once the drawing force is 
stabilized, as shown in Figure 56b. 
     Analysis of contact pressure distribution on the drawbead tools, shown in Figure 
57, reveal a highly localized contact in the tool/workpiece interface, caused by 
partial penetration of the drawbeads. This results in local peaks in the contact 
pressure, with 968 MPa and 654 MPa respectively on the drawbead on the exit side 
and the drawbead on the entry side. Comparison with the 3D simulation presented 
in section 4.3.6, shows that designed test parameters allow for replication of similar 
contact conditions as experienced in zone 2 of the forming die. Slightly higher 
contact pressures are found in the 2D simulation, possibly attributed to the finer 
mesh discretization and the increased normal force necessary for conducting the 
experiment. 
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 Contact 
pressure 
(MPa) 
 
Figure 57: Simulated contact pressure distribution during the drawbead test. 
 
For assessment of the temperature development in the contacting interface during 
testing, a coupled thermo-mechanical simulation is made with 300 repetitive strokes 
with the characteristic process times. In the thermo-mechanical model the entire 
tool geometry was discretized in order to accurately simulate the dissipation of the 
generated heat in the forming tools from the mechanical work and frictional energy. 
The analysis of the temperature evolution is based on a 2D setup, where the thermal 
dissipation through the width of the tool and the tool grooves is neglected. For the 
coupled mechanical and thermal analysis, a heat transfer coefficient of 50 kW/m2K 
[216] was furthermore assigned to the contact between the tool and workpiece. An 
overview of the mechanical and thermal material properties used in the simulation 
is shown in Table 5. 
Table 5: Overview of the thermal and mechanical properties of the tool and workpiece materials. 
 Drawbead (Sleipner) Workpiece (EN 1.4301) 
Initial temperature (°C) 20 20 
Heat capacity (J/kg∙K) 460 500 
Thermal conductivity W/(m∙K) 20 15 
Density (g/cm3) 7.73 7.90 
Young’s modulus (GPa) 205 200 
Poisson’s ratio 0.3 0.3 
 
Figure 58 shows the temperature development in the contact interface between the 
drawbead tool on the exit side and the sheet metal, where the largest surface 
temperatures are experienced. Figure 58 furthermore shows a comparison of the 
simulated tool temperature and the die temperature measured with the thermal 
imaging camera, see section 4.3.2. The evolution of the generated heat contains 
three main phases. The peak temperature experienced in the contacting surface is 
found at the end of each stroke (1), as seen in Figure 58b. A decrease in the peak 
temperature is thereafter found in the subsequent idle time between each stroke. A 
sudden drop in the surface temperature of the tools is noted at point (2), where 
Drawing 
direction 
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contact is made with the surface of a new blank with an ambient surface temperature 
of 20°C. The initiation of the following strokes is seen in point (3). 
The simulation indicates that a steady state is reached after approximately 60 
strokes, where the tool temperature stabilizes and varies between 54.2°C and 
44.2°C, respectively at the end of the stroke and at the end of the idle time. The 
measured die temperature, in Figure 42, made with thermal imaging, corresponds 
well with the average tool temperatures obtained with the thermo-mechanical 
simulation. The simulation shows that comparable heating and cooling cycles, as 
experienced in the production, can be obtained experimentally by recreating a 
comparable drawbead geometry and emulating the industrial forming conditions 
and process times. The simulation furthermore highlights the influence of the low 
production rate, due to manual operation of the press, on the temperature evolution 
in the forming die. 
 
 
 
  
  
(a) (b) 
Figure 58: Simulated tool temperature evolution (a) in the first 300 strokes and (b) the tool 
temperature evolution in the first 3 strokes as a function of time. 
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4.4.4 Limits of lubrication with stepped drawbeads 
The drawing force measured during testing is shown in Figure 59. The developed 
tool wear after 300 strokes, with the tested lubricants, is shown in Figure 60 and 
Figure 61. 
  
  
(a) (b) 
Figure 59: Measured drawing force during testing with (a) the Sleipner tool material without any 
surface treatment and (b) the Sleipner tool material with a Tenifer® QPQ surface treatment. 
 1. Drawbead (entry side) 2. Drawbead (exit side) 3. Blank holder 
(a) 
   
(b) 
   
(c) 
   
(d) 
   
   Sliding direction 
Figure 60: Tool surface, without surface treatment of the tools, after 300 strokes with the tested 
lubricants: (a) BWN 205, (b) Rhenus LA 72208, (c) Rhenus SU 200 A and (d) IRMCO 980 080. 
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 1. Drawbead (entry side) 2. Drawbead (exit side) 3. Blank holder 
(a) 
   
(b) 
   
(c) 
   
   Sliding direction 
Figure 61: Tool surface, with a Tenifer® QPQ surface treatment, after 300 strokes with the tested 
lubricants: (a) Rhenus LA 72208, (b) Rhenus SU 200 A and (c) IRMCO 980 080. 
 
From Figure 59 it is seen that the test series with the Rhenus LA 722086, Rhenus 
SU 200 A and the IRMCO 980 080 lubricants experience a rampant development 
of the drawing force within the first 50 strokes. This corresponds well with the 
visible scoring of the tested sheet metal surface, which was observed during the 
test. Compared with the surface structure of the tool after 300 strokes, see Figure 
60, it is seen that a substantial amount of pick-up of workpiece material has 
accumulated on both the rounding  radii of the drawbeads and the plane contact that 
emulates the contact in the blank holder region of the forming die. The BWN 205 
lubricant, which is a highly chlorinated, heavy-duty deep drawing lubricant, has a 
stable drawing force during testing. The surface structure of the tools, tested with 
the BWN 205, shows only minor signs of initial run-in wear without any friction 
junctions formed on the tool. None of the selected, environmentally friendly 
lubricants could, therefore, replace the BWN 205 when conducting the tests with 
uncoated tools.  
     The selected lubricants were, however, found to exhibit a significantly improved 
tribological performance in the test series conducted with the Tenifer® QPQ treated 
tools. The test series conducted with the Tenifer® QPQ surface treatment were 
found to exhibit stable drawing forces and smooth surface structure of the sheet 
material after testing, for all the tested lubricants. Evaluation of the tool surface 
indicates only minor signs of abrasive wear without any sign of pick-up of sheet 
material on the tools. This is seen in Figure 61, where only minor scratches are 
found on the tool surface due to run-in wear of the iron nitride surface layer formed 
with the Tenifer® QPQ surface treatment. The presented results indicate that 
certain, tribologically severe forming operations require a deeper refinement of the 
tribosystem in order to implement environmentally friendly, non-chlorinated 
7.5 mm 
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lubricants. For the EGR component, the combined function of the Tenifer® QPQ 
surface treatment and an alternative, environmentally friendly forming oil was 
found to exhibit sufficient tribological integrity to replace the heavy-duty, chlorine-
based BWN 205 forming oil. 
4.5 Conclusion 
In the present chapter, an analysis of the wear conditions in an industrial stamping 
operation for manufacturing of an EGR component was presented. Based on an 
analysis of the industrial production platform and the die geometry, a test series was 
designed for offline replication of industrial forming conditions. Numerical analysis 
of the tribological loads introduced by the drawbeads showed that specific regions 
of the forming tool were exposed to increased risk of galling. With an offline 
simulation of the tribological conditions in the stepped drawbead geometry 
implemented in the forming die, the presented study showcased an evaluation of 
the tribological performance of different alternative tribosystems. The study 
showed that the tribological function of the Tenifer® QPQ surface treatment 
combined with different forming oils could form the basis for an alternative, 
environmentally friendly tribosystem for replacement of the hazardous, chlorinated 
lubricant currently used in production.  
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Chapter 5 Parametric study of limits of  
  lubrication with semi-circular  
  drawbeads 
As seen in the industrial case study, section 4.3, the use of drawbeads for facilitating 
correct drawing behavior in a stamping operation can introduce varying tribological 
loads depending on a range of different process and design parameters e.g. 
drawbead type, sliding length, bead radii and drawbead penetration. This section 
presents a supplementary study where the influence of different sheet materials with 
varying mechanical and tribological properties was studied with a variation of the 
bead penetration.  
5.1 Experimental setup 
The parametric study is based upon a semi-circular drawbead configuration, see 
Figure 62, where bead penetrations ranging from partial penetration to full 
penetration (Hb=Rgroove bead+Rdrawbead+t) are studied. 
 
Figure 62: Overview of the semi-circular drawbead tool. 
The present drawbead test was conducted on the experimental strip drawing test 
stand developed at the Institute for Production Engineering and Forming Machines 
at Technische Universtät Darmstadt, as described by  Filzek and Groche [243]. The 
test stand used for the drawbead test is fully automatic and based on the same 
working principle as the UST presented in section 2.7.   
     For the drawbead test, the PL61 Multidraw prelubricant was used with a spray 
nozzle system for continuous application of 2.5 g/m2 lubricant film to the surface 
of the sheet metal during testing. The drawbead tool was made in AISI D2 tool steel 
 
 
   
Figure 1: Overview of the drawbead tool with a designation of the main tool components. 
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hardened to 59-61 HRC and polished to a surface finish of Ra = 0.05 μm. Two 
separate test series were conducted with sheet metal of 1.1x50 mm respectively of 
EN 1.4301 stainless steel and DP 980 with a 10 μm electrogalvanized surface 
coating. For the drawbead test, a normal force of 10kN was used for the EN 1.4301 
stainless steel. 20 kN normal force was applied when testing the DP 980 in order to 
compensate for a larger die opening force stemming from the greater mechanical 
strength of the dual phase sheet material. The drawbead test was furthermore 
conducted with a stroke length of 100mm and a sliding speed of 100 mm/s with an 
idle time of 1s between each stroke. The EN 1.4301 stainless steel was studied with 
a bead penetration of respectively 3 mm and 9 mm. The DP 980 was, however, only 
studied with partial penetrations of 2mm and 3mm, due to a limitation of the 
maximal drawing force of the test stand. 
     FE analysis of the test conditions was done with a 2D FE model in LS-DYNA, 
as also shown in the previous study. Characterization of the mechanical properties 
of the sheet materials was done by tensile testing, where the following Ludwik 
formulations were derived: DP 980: σf=656 + 1065∙εeq0.282 [MPa]. EN 1.4301: 
σf=240 + 1245∙εeq0.45 [MPa]. For the FE model, the tool geometry was modeled as 
elastic materials. Discretization of the drawbead tools was done with a quadrilateral 
mesh with an element size of 0.03-0.07mm in the tool rounding and the planar 
contact of the drawbead. Initial characterization of the frictional conditions of the 
lubricated contact in the tool/workpiece interface was made with a strip drawing 
test, finding a COF of approximately 0.05 for both material combinations. An 
overview of the numerical simulations with varying bead penetrations is shown in 
Figure 63a-d. 
 
 
  
(a) (b) 
  
(c) (d) 
Figure 63: Overview of the sheet metal flow over the drawbead with (a) 2mm bead penetration, (b) 
3mm bead penetration, (c) 6mm bead penetration and (d) 9mm bead penetration (full penetration). 
  
 
 
   
Figure 1: Overview of the drawbead tool with a designation of the main tool components. 
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5.2 Experimental results 
The drawing force measured during testing is shown in Figure 64, and an overview 
of the surface structure of the drawbead tools after the tests is given by Figure 65-
Figure 68. 
  
 
(a) (b)  
Figure 64: Measured drawing force during testing for (a) DP980 sheet material with 2mm and 3mm 
bead penetration (b) EN 1.4301 sheet material with 3mm and 9mm bead penetration. 
By visual inspection of the surface structure generated during the test, it was 
observed that the EN 1.4301 stainless steel had a visible deterioration of the surface 
after 3 strokes with full penetration of the drawbead, see Figure 66. With bead 
penetration of 3mm, the threshold sliding length for the EN 1.4301 was 21 strokes, 
see Figure 65.  The DP 980 was found to have a threshold sliding length of 170 
strokes with a 3mm bead penetration and 2450 strokes with a 2mm bead 
penetration, see Figure 67 and Figure 68. Evaluation of the generated surface 
structure compared to the measured drawing force indicates, that force 
measurements allow for an accurate evaluation of the point where the breakdown 
of the lubricant film occurs, where a subsequent deterioration of the surface quality 
of the sheet material is observed. Measurements of the drawing force are seen to 
have a larger fluctuation when testing the galvanized DP 980, due to the creation of 
third body wear particles in the contacting interface during the test. 
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Figure 65: Surface structure of the drawbead tool tested with EN 1.4301 stainless steel and a 3mm 
bead penetration after 23 strokes. 
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Figure 66: Overview of the surface structure of the drawbead tool tested with EN 1.4301 stainless 
steel and a 9mm bead penetration after 7 strokes. 
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Figure 67: Overview of the surface structure of the drawbead tool tested with DP 980 and a 2mm 
bead penetration after 2606 strokes. 
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Figure 68: Overview of the surface structure of the drawbead tool tested with DP 980 and a 3mm 
bead penetration after 201 strokes. 
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From the overview of the tool surfaces after testing it is seen that the test series 
conducted with the EN 1.4301 stainless steel experiences severe galling primarily 
on the rounding of the groove shoulder on the exit side of the tool, for both 3mm 
and 9mm bead penetrations. The tests conducted with DP 980 are, however, seen 
to have a concentration of the wear development in the planar contact, on the exit 
side of the drawbead, between the lower tool and the groove shoulder. The wear 
development in the test series with the DP 980 is furthermore found to be governed 
by an accumulation of large third body wear particles from powdering of the 
electrogalvanized zinc coating of the sheet material. The two test series, therefore, 
exhibit a fundamental difference in the primary wear mechanism occurring during 
the test. Several test series reveal large amounts of wear in the tool region which is 
in contact with the edge to of the sheet material, due to sliding contact with the 
minor burrs on the edge of the sheet, which are formed during the coil cutting 
process. The wear caused by irregularities of the edge of the sheet material is 
therefore not considered in the present study. An overview of the main process 
parameters of the test series conducted with the DP 980 is shown in Figure 69. The 
curve regions highlighted in Figure 69 indicate the sequential contact with the 
groove shoulder (entry side), drawbead, groove shoulder (exit side) and the lower 
tool. Overviews of the contact area and the distribution of the contact pressure with 
varying penetrations for the two sheet materials are shown in Figure 70 and Figure 
71.   
  
(a) (b) 
  
(c) (d) 
Figure 69: Overview of the forming conditions with the DP 980 sheet material. (a) Strain hardening behaviour 
of the workpiece material with a 2 mm bead penetration and (b) the corresponding development of the local 
surface stress in the sheet material. (c) Strain hardening behaviour of the workpiece material with a 3 mm bead 
penetration and (d) the corresponding development of the local surface stress in the sheet material. 
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 70: Distribution of the contact pressure when testing DP 980 with varying bead penetrations. 
(a) Overview of the main tool components. (b) contact pressure in the groove shoulder (exit side), 
(c) contact pressure in the drawbead, (d) contact pressure in the groove shoulder (entry side), (e) 
contact pressure in the lower tool (exit side) and (f) contact pressure in the lower tool (entry side). 
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 71: Distribution of the contact pressure when testing EN 1.4301 with varying bead 
penetrations. (a) Overview of the main tool components. (b) contact pressure in the groove shoulder 
(exit side), (c) contact pressure in the drawbead, (d) contact pressure in the groove shoulder (entry 
side), (e) contact pressure in the lower tool (exit side) and (f) contact pressure in the lower tool (entry 
side). 
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The overview of the distribution of the contact pressure in the drawbead tool 
indicates that the highest contact pressures are located in the two groove shoulders 
and the lower tool towards the exit side. Increased bead penetration is found to 
either shift or expands the angle of contact between the sheet material and the 
individual tool component. The most noticeable effect of the bead penetration is 
seen in the drawbead and the groove shoulder on the exit side, where the increased 
bead penetration creates a larger area of engagement and a large area for dissipation 
of the contact forces. Partial bead penetrations are conversely found to create 
localized contact with high contact pressures. The tests conducted with the EN 
1.4301 sheet material exhibits the occurrence of galling focused primarily on the 
rounding radius of the groove shoulder where the contact pressure is approximately 
at the highest level. The test series conducted with 9 mm penetration exhibits a 
substantially shorter sliding length prior to the onset of galling, possibly due to the 
increased surface expansion of the sheet material caused by the increased DBRF 
from the deeper bead penetration. The DP 980 exhibits a similar distribution of the 
contact pressure in the drawbead tool, however, with substantially higher contact 
pressures due to the greater mechanical strength of the sheet material compared to 
the stainless steel.  
     Powdering of the brittle electrodeposited surface coating is the dominant wear 
mechanism seen in the test series conducted with the DP 980 sheet material. An 
overview of the accumulation of the galvanized zinc coating after 1990 strokes is 
shown in Figure 72. In order to maintain the loosely adhered wear particles that 
accumulated during the test, the overview of the tool surface was captured without 
any cleaning of the surface.  
Lower tool (exit side) Groove shoulder (exit side) 
  
Figure 72: Surface structure of the lower tool and the groove shoulder after 1990 strokes with the 
DP 980 sheet material and a 2mm bead penetration. 
The powdering behavior of stamped parts was previously studied by Rangarajan et 
al. [244]–[246] who reported that the wear mechanism was highly dependent on the 
strain state of the sheet material. By analysis of the coating performance in a BUT 
test, the study concluded that the deterioration of the coating was caused by the 
bending and unbending strains combined with the influence of the contact pressure 
and frictional shear stresses. With a drawbead test, Rangarajan [246] furthermore 
noted a direct correlation between the bead penetration and the mass loss of the 
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surface coating. The present study exhibits a similar correlation where a substantial 
decrease in the threshold sliding length is observed when the bead penetration is 
increased from 2mm to 3mm. While a shallow bead penetration generally increases 
the contact pressure in the drawbead tool, an increased bead penetration introduces 
higher surface stresses alternating between tension and compression and a higher 
straining of the sheet material, see Figure 69. The overview of the tool surface after 
1990 strokes indicate an accumulation of third body wear particles occurs during 
the test, prior to the threshold sliding length where deterioration of the surface of 
the sheet material is observed. The accumulation of the loosely adhered wear 
particles is found to be in the same region of the tool surfaces where weld junctions 
are formed at a later point in the test. The increased sliding length leads to increased 
lump growth of the loose particles, which were found to adhere strongly to the tool 
surface after the onset of galling. The accumulation of wear particles is found to 
occur predominately in the planar contact between the groove shoulder and the 
lower tool towards the exit side of the tool. The local entrapment of wear particles 
at the exit side is attributed to the accumulated deterioration of the surface coating 
during the test, due to cyclic bending and unbending of the sheet material and the 
sliding contact with the tool surface. The wear behavior of the DP 980 is therefore 
found to be highly influenced by central drawbead design parameters such as the 
rounding radius and the bead penetration, which governs central process parameters 
such as contact pressure and the straining of the sheet material. The different wear 
characteristics shown in the present study highlights the importance of offline 
testing of various types of sheet metals, surface coating and lubricants for 
evaluation of tool life and tribosystem efficiency. 
5.3 Conclusion 
A supplementary study was conducted for investigation of the wear conditions with 
a variation of the drawbead geometry and different sheet materials with varying 
mechanical and tribological properties. Based on an analysis of the limits of 
lubrication tested with EN 1.4301 stainless steel and DP 980, it was concluded that 
the tool life was governed by two fundamentally different wear mechanisms.  While 
the EN 1.4301 stainless steel was found to developed pick-up of workpiece material 
on the groove shoulder towards the exit side of the tool, where high contact 
pressures are found, the limits of lubrication in test series conducted with the DP980 
was governed by the powdering mechanism. The powdering mechanism exhibits a 
complex wear behavior depending on several parameters such as contact pressure, 
strain state and the strain path.    
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Chapter 6 Wear and lubrication in  
  punching and blanking 
This chapter presents an investigation of wear and lubrication in severing processes. 
The current study aims to characterize lubricant properties and performance in 
punching and blanking operations. For the study, the lubricant application method 
and the chemical composition of the additive packages of the lubricants are studied 
for their influence on wear and lubrication. 
6.1 Introduction 
Severing processes are according to the DIN 8588 [247] subdivided into blanking, 
wedge-action cutting, tearing and breaking. Blanking is a single stroke shearing 
operation with closed shear lines, where workpiece material is sheared between a 
punch and a blanking die. Blanking and punching are the most commonly used 
severing process in sheet metal forming, often combined with other forming 
operations as an intermediate or finishing production step. The process sequence of 
the blanking operation is illustrated in Figure 73. 
 
Figure 73: Illustration of the blanking process. 
In the first stage blanking operation, initial contact is made between the punch and 
the sheet material resulting in a large increase in the punch force as the sheet 
material elastically deforms. The elastic deformation is followed by plastic 
deformation as the punch penetrates into the die opening and introduces shearing 
and subsequent crack formation, as the shear strength of the sheet material is 
exceeded. The propagation of cracks continue along the periphery of the punch and 
the blanking die until breakthrough of the punch occurs, where a full separation of 
the sheet material is achieved. During the forward stroke of the blanking operation, 
a radial flow of lubricant forms a small lubricant reservoir around the periphery of 
the punch, which enables the formation of a lubricant film between the punch and 
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the sheet material during the process. The final stage of a blanking operation is the 
retraction of the punch and stripping of the sheet material. The morphology of the 
sheared edge consists of four main zones as illustrated in Figure 74: 
 
Figure 74: Overview of the different zones of the sheared edge [248]. 
Material rollover initiates as the sheet material is bent into the shearing gap between 
the punch and the blanking die, upon initial movement of the punch. At an increased 
stroke length, the shear zone is formed as the sheet material is plastically deformed 
into the blanking die, followed by the creation of the fracture zone when the sheet 
material ruptures. The burr zone is formed due to tearing of the sheet material at the 
end of the stroke. The size of the burr zone increases with increasing clearances and  
ductility of the sheet material. 
     Fine blanking is a high precision process variant of the conventional blanking 
process, where high dimensional accuracy and smooth shearing edges are obtained 
by implementation of a vee-ring, a counter punch and a narrow clearance between 
the punch and the blanking die. Fine blanking is extensively used for manufacturing 
of components like gears where the surface quality of the sheared surface is of 
significant importance since it is used as a functional surface. The clearances used 
in fine blanking is typically 0.5% of the thickness of the sheet material, compared 
to conventional blanking where a clearance of around 10% of the sheet thickness is 
normally used. The application of smaller clearances between the punch and the 
blanking die and the use of  a counter punch and a vee-ring introduce high 
hydrostatic pressures near the deformation zone, which suppress the formation of 
cracks, leading to the formation of a larger shear zone, while also introducing a 
larger frictional stress on the punch.  
     Contrary to most common sheet metal forming operations, the blanking 
operation generates a new, virgin surface during the process, which combined with 
the frictional stress exerted on the punch stem during the backstroke creates severe 
tribological conditions. Sheet materials with high affinity for adhesion with tool 
steel, such as stainless steels, are therefore prone to cause local pick-up on the punch 
stem. The formation of local weld junctions on the punch stem causes scoring of 
the workpiece material in the subsequent strokes and can introduce large tensile 
stresses in the punch during the backstroke, which can lead to tool failure. 
 
Roll over zone (Zr) 
Shear zone (Zs) 
Fracture zone (Zf) 
Burr zone (Zb) 
 Zr 
Zs 
Zf 
Zb 
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6.2 Tribology in punching and blanking operations 
A number of experimental studies [249]–[252] have been conducted for 
investigation of different process parameters central to the blanking process, such 
as the influence of wear and tool clearances. Hernandez et al. [253] presented an 
experimental and theoretical study, where the influence of the blanking clearance 
on tool life and part quality was investigated. The study outlined a preliminary 
guideline for the selection of an optimum clearance based on considerations of both 
cost and part quality. Hambli [254] presented an experimental investigation, where 
the effect of the interaction between the wear state of the tool, the blanking 
clearance and the thickness of the sheet material was studied in connection to 
variations in the blanking force and the geometry of the sheared edge. Millard and 
Gasnier [255] evaluated the lubricant performance in punching by determining the 
COF from measurements of the backstroke force and theoretical analysis of the 
normal stresses exerted on the punch surface. Pfaff [256] reported that the 
backstroke force in punching is governed by the accumulation of pick-up of wear 
particles from the workpiece sheet on the punch stem. No further correlation was 
however found between the development of the wear mechanism and the measured 
backstroke force, due to scattering of the force measurements, possibly caused by 
vibrations stemming from the transducer design. Lind et al. [257] proposed that the 
wear mechanism occurring in a blanking process is characterized by three distinct 
phases, where abrasive wear, adhesive wear and growth of friction junctions are 
respectively dominant. Olsson et al. [258]–[260] conducted extensive 
investigations on wear and lubrication in punching and blanking. The studies 
showed that the mechanism of lubrication in punching is governed by the lubricant 
retained on the surface of the punch stem and by the chemical interaction of the 
lubricant additives with the punch material. This was evaluated by testing punches 
with different punch tip geometries and surface topographies combined with 
different lubricant formulations. It was found that a tangential texture on the punch 
stem combined with a high viscosity lubricant reduced the amount of pick-up 
developed on the punch stem during testing. In case of efficient, additivated 
lubricants, however, this lubrication mechanism was of no importance. The studies 
furthermore showed that the development of the backstroke force gave a good 
indication of the severity of  the developed pick-up on the punch stem and that the 
punching test requires lubricants which form strong boundary films, such as 
chlorine-based additives, to avoid excessive wear on the punch stem [261]. Klocke 
et al. [262] conducted a series of comparative analyses for the characterization of 
different additives for evaluation of the applicability of non-chlorinated lubricants 
in fine blanking processes. The study showed that characterization of the 
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tribochemical effect of single and compound additives enables optimization of the 
tribosystem for fine blanking processes by utilizing the synergy of the different 
types of additives. Hogmark et al. [263] studied the wear behavior of AISI D2 tool 
steel punches with sheet materials of different steel grades. The study concluded 
that the material properties of the workpiece materials greatly influence the wear 
profile of the punch tools. Hogmark et al. highlighted material properties of 
ductility and hard particle phases to be decisive for promotion of adhesion, fatigue 
and abrasion. 
     The applicability of tool coatings for prolonging the life of punching tools has 
furthermore been studied in a number of recent publications investigations [264]–
[269]. Klocke and Raedt [270] presented a study, where the formulation and testing 
of different hard ceramic CVD and PVD coatings were done for cold forging and 
fine blanking applications. The aim was to minimize the need for hazardous 
lubricant additives and workpiece pretreatment. Several mechanical and thermal 
coating properties, such as strong adhesion of the coating to the substrate and high 
thermal conductivity, were highlighted as critical coating properties in order to 
withstand the imposed tribological loads of the fine blanking and cold forging 
processes. Klocke and Raedt furthermore proposed that a low Young’s modulus 
could increase the durability of the tool coating due to reduced tensile stresses in 
the coating.  Kitamura et al. [271] studied the tribological behavior of micro-
dimpled punches, by evaluation of the measured backstroke force. They found that 
a micro-dimpled punch texture made with a pico-second laser could drastically 
reduce the frictional stress exerted on the punch during the backstroke. For this 
purpose, the surface texture was optimized in terms of dimple depth, coverage and 
arrangement.   
     Many sheet metal forming tribosystems are exposed to high contact 
temperatures due to the mechanical work and the frictional heat introduced by the 
forming process. High temperatures can cause severe tribological loads to a 
tribosystem due to the decomposition of the lubricant additives as well as thinning 
and evaporation of the lubricant. Analysis of the physiochemical properties of the 
lubricant additives and the base oil can, therefore, give valuable information about 
the lubricant behavior in forming processes. Important properties include thermal 
stability, volatility and the tribological nature of the film-forming additives in the 
lubricant [272], [273]. Differential thermal analysis (DTA) is a commonly used 
technique for analysis of the influence of temperature on the physiochemical 
behavior of organic materials by measurement of heat flow and the change in 
weight at elevated temperatures, from which the occurrence of exothermic and 
endothermic reactions can be evaluated. Matveevsky [274]–[278] presented a series 
of investigations of the performance of different lubricant additives at high 
temperatures with DTA and different simulative tests. For analysis of the film-
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forming action of different lubricant additives, Matveevsky highlighted the 
importance of two main transition temperature points. At the first transition, the 
chemically active lubricant additives react with the metal surface resulting in a 
sharp decrease in the COF. At the second transition, the chemically modified layer 
loses its lubricating properties due to desorption of polar molecules or melting of 
chemically reacted tribofilms, which results in a subsequent increase in the COF. 
Matveevsky furthermore highlighted the possibility of using detected exothermic 
reactions for evaluation of the critical transition temperatures, where the lubricant 
additives form a surface film on the metal. Kawamura and Fujita [279] studied the 
performance of organic sulphur and phosphorus compounds with DTA combined 
with a cross-pin wear tester.  The wear scar diameter of the lubricant containing S-
additives increased with increased reactivity of the lubricant additives.  The wear 
scar diameter generated when lubricating with phosphite based EP additives was 
however found to decrease linearly with increasing reaction starting temperatures. 
A similar observation was later made by Wan and Xue [280], who studied the 
performance of P-based lubricant additives for lubrication of aluminum. The study 
furthermore indicated that the tribochemical reaction between the EP additive and 
the sliding surface was initiated by a flash temperature generated in the rubbing 
action. Kawamura [281] later presented a similar correlation between additive 
reactivity and wear scar diameter with ZDDP additives. DTA was similarly used 
by Møller et al. [14], [15] for studying the tribological performance of chlorinated 
paraffin and diakyloplysulfide for ironing of stainless steel. The study concluded 
that the EP performance of chlorinated paraffins is strongly connected to its high 
chemical reactivity with chromium. 
     Punching and blanking processes exhibit severe tribological conditions, where 
insufficient lubricant quality leads to heavy pick-up of workpiece material on the 
punch resulting in poor surface quality, reduced dimensional accuracy and a 
shortened tool life. Hazardous lubricants are therefore often used in order to 
facilitate stable production conditions.  For minimization of the use of hazardous 
lubricants, the present study aims to evaluate the primary lubricant properties 
needed to ensure proper lubrication in severing processes, for assessment of the 
applicability of alternative, environmentally benign lubricants.  
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6.3 Experimental methods 
6.3.1 Punching test 
A series of punching tests were conducted with a 1 mm EN 1.4301 stainless steel 
sheet and Ø2mm PM tool steel AISI M3:2 punches with a 10μm radial clearance 
between the punch and the blanking die. The narrow clearance results in a high 
hydrostatic pressure in the shear band region, which induces severe stressing of the 
lubricant film and promotes a large shear zone similar to the forming conditions of 
a fine blanking operation. The punches used for the test had a tangential surface 
texture of Rz = 2.5μm obtained by round grinding. An overview of the chemical 
composition of the punch material is shown in Table 6. The punching test was 
conducted on a 320 kN C-frame eccentric press with a stroke rate of 170 RPM and 
a corresponding punch speed of approximately 45 mm/s. The eccentric press was 
equipped with an automated pneumatic feeding system that enables continuous 
drawing of the sheet material from a coil for testing of several consecutive strokes. 
An overview of the test setup used for the punching test is shown in Figure 75. The 
blanking force and the backstroke force were acquired during testing with a 
piezoelectric load transducer.  
 
Figure 75: The test setup used for the punching test. 
  
 
Figure 1: Overview of the test setup. 
Sheet metal coil 
Frequency converter 
Pneumatic 
feeder system 
Punch  
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The punching tools used for the present study is based on the tool design proposed 
by Olsson [16], see Figure 76. For studying the influence of the application method 
of the lubricant, a lubrication channel was made in the guide plate for a continuous 
supply of liquid lubricant to the surface of the punch stem during testing. 
 
1. Transducer holder  
2. Punch 
3. Guide plate 
4. Stripper plate 
5. Spacing plates 
6. Pressure gauge connector 
7. Die plate 
8. Die 
9. Lubrication channel 
Figure 76: Schematic illustration of the punching tool with a cross-sectional view of the main tool 
components. 
For the present study, the punching tests were conducted with lubricant applied to 
the surface of the sheet metal by using roller lubricators. A second test series was 
furthermore conducted where the lubricant was applied on the surface of the 
punches through the lubrication channels in the punch tool.  
 
Table 6: Chemical composition of the AISI M3:2 punches [282]. 
Composition (wt%) 
C Cr Mo W V Fe 
1.28 4.2 5.0 6.4 3.1 Balance 
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6.3.2 Four-ball test 
Characterization of the wear behavior and the load-bearing capacity of the test 
lubricants was done with a four-ball test at The Danish Technological Institute. An 
overview of the test setup us for the four-ball test is shown in Figure 77. 
Characterization of the wear behavior was studied with a test conducted with a test 
load of 300N and a test duration of 1 hour with a rotational speed of 1420 RPM. 
Evaluation of the weld load was done by conducting a series of tests with a 1 minute 
test duration with increasing test loads until welding of the test specimen was 
achieved. The load was increased by 200 N per test. Both test series were conducted 
with Ø12.7mm balls of 100Cr6 and approximately 12 ml of liquid lubricant. The 
test specimens were cleaned in an ultrasonic bath with a Tickopur TR 13 cleaning 
agent at 60°C prior to testing. The developed wear scars on the three stationary balls 
were evaluated with an optical microscope. The average wear scar diameter was 
determined by measurement of the transversal and the longitudinal wear scar 
diameter. 
 
Figure 77: Test setup used for the four-ball test. 
  
Ball pot 
Splash guard 
Frequency converter 
Weight plates 
Electric motor 
 94  
 
  
6.3.3 High temperature pin-on-disc test 
A high temperature pin-on-disc test was carried out on the Bruker Universal 
Mechanical Tester TribolabTM at The Polytechnic University of Hauts-de-France. 
For the test, Ø69.85mm test discs were made of AISI M3:2, hardened to 64 HRC 
and polished to a circumferential surface finish of Ra = 0.08 μm. The pin was 
provided with a Ø6.35 ball in 440-C stainless steel with a hardness of 62 HRC. The 
test was carried out with a constant load of 16N and a rotational velocity of 
0.2mm/s. The sliding contact was fully immersed in lubricant during testing. The 
low sliding velocity used in the test greatly reduces the influence of frictional 
heating in the sliding contact during testing. An external heat source increased the 
temperature in the test chamber by 6°C/min to a maximum of 350°C during the test. 
The slow temperature increase ensured homogenous heating of the workpiece. The 
temperature in the test chamber was measured with a thermocouple during testing.  
6.3.4 Differential thermal analysis (DTA) 
The thermal and physiochemical properties of the lubricants were characterized by 
differential thermal analysis (DTA) with a NETZSCH STA 449 C thermo-
microbalance. Two test series were carried out. In the first test series, thermal 
analysis was performed on 500 mg AISI M3:2 tool steel powder mixed with the test 
lubricants. In the second case, the thermal analysis was carried out with 75 mg of 
each test lubricant separately. Each sample was transferred into an alumina crucible 
and heated to 550°C, with a 10°C/min heating rate. The tests were carried out in an 
argon atmosphere with a gas flow of 50 ml/min and in dry air with a gas flow of 43 
ml/min of nitrogen and 7 ml/min of oxygen.  
     The morphological features of the AISI M3:2 powder were studied with SEM. 
Figure 78 shows an overview of the shape and the range of the particle size of the 
AISI M3:2 powder used for the DTA. The AISI M3:2 powder, which was created 
with gas atomization, reveals a powder consisting primarily of sphere-like particles 
with a low aspect ratio. The particle size of the powder ranges from 0.005-0.4mm. 
   
Figure 78: SEM micrograph of the AISI M3:2 powder used for the DTA. 
 
  
100 μm 
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6.3.5 Analysis of lubricant composition with XRF 
Six commercially available lubricants with different additive formulations were 
selected for the presented punching experiment. An overview of the selected 
lubricants is shown in Table 7. 
Table 7: General overview of the lubricants used for the blanking experiment. 
Name 
Lubricant 
manufacturer 
Description 
Kinematic 
viscosity at 40°C 
(cSt) 
Illoform TDN 81 Castrol Highly chlorinated paraffin oil 170 
Illoform PN 226 Castrol 
Medium chlorinated paraffin oil 
with S-, P-, ester-additives, and 
ZDDP 
67 
SF 125 A Rhenus 
Mineral oil with Ca-, S-additives 
and triphenyl phosphate 
125 
Montgomery DB 
4265 
FUCHS 
Mineral oil with calcium carbonate 
and S-additives. Diluted 1:6 with 
water. 
2 
DROSERA MS 5 Total 
Multipurpose machine oil 
containing triphenyl phosphate 
5 
Paraffin Oil Carl Roth Pure, high viscosity paraffin oil 75 
 
A preliminary evaluation of the elemental composition of the different lubricants 
was made with X-ray fluorescence (XRF). This was done in order to characterize 
the overall lubricant content since the exact lubricant formulation is normally not 
disclosed by the manufacturer [283]. Detailed knowledge about the specific 
additive package of the different lubricants is valuable in order to understand the 
function of the lubricant in the forming operations. The composition of the 
lubricants were evaluated with an Oxford Maxxi 6 X-ray fluorescence analyzer, 
where the most common elements used in lubricant additives (EP, AW, FM) were 
surveyed, see Table 8. 
Table 8: Elemental composition of the lubricants used for the blanking experiment. Values are given 
in counts per second (CPS) in an X-ray fluorescence analyzer. 
 Elements (CPS) 
Ba  Br Ca Cl P S Mo Zn 
Illoform TDN 81 - - - 6631 113 142 - - 
Illoform PN 226 - - 61 4381 87 153 - 2400 
SF 125 A - - 4049 - 49 556 - - 
Montgomery DB 4265 - - 793 - 18 16 - - 
DROSERA MS 5 - - - - 11 - - - 
Paraffin oil - - - - - - - - 
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No calibration standards were available for the different lubricant additives, 
meaning that an exact quantification of each lubricant additive was not possible. 
Evaluation of the counts per second (CPS) for each element allows for a qualitative 
evaluation of the elemental composition of the lubricants as well as giving a relative 
comparison of the quantity of each element. The XRF measuring technique has 
limited applicability for determining the content of elements with low atomic mass. 
Commonly used lubricant additives such as Mg and B compounds are there not 
detectable with the specified test setup. The XRF analysis is therefore used as a 
preliminary survey method for evaluation of the content of common film-forming 
additives like Cl, P and S in the lubricants. 
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6.4 Numerical modeling of the punching process 
Axisymmetric FE analysis of the punching operation was made with a coupled 
thermo-mechanical model with the commercial software LS-DYNA. An overview 
of the modeled tool setup is shown in Figure 79, and the input parameters are 
included in Table 9.  
 
 
 
 
 
 
 
 
Table 9: Input parameters for numerical simulation. 
 Punch (AISI 
M3:2) 
Blanking Die 
(1.3343 HSS) 
Sheet material 
(EN 1.4301) 
Initial temperature (°C) 20 20 20 
Heat capacity (J/kg∙K) 420 460 500 
Thermal conductivity 
W/(m∙K) 
24 27 15 
Heat transfer coefficient 
(kW/m2∙K) 
50 50 50 
Density (g/cm3) 7.73 8.12 7.90 
Elastic modulus (GPa) 230 217 200 
Poisson’s ratio 0.3 0.3 0.3 
 
 
 
 
 
 
 
 
 
 
 
Die 
Sheet 
Stripper plate 
Punch 
Figure 79: Numerical model with the initial mesh shown in the detail. 
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In the FE model, the forming tools were modeled as rigid steel tools, whereas the 
sheet material was modeled as an elastoplastic material characterized by a Ludwig 
formulation σf = 1339ε0.594+231 [MPa], which was determined by tensile testing. 
The sheet material was discretized with a quadrilateral mesh with an element size 
of 0.025mm. A COF 0.1 was furthermore assigned to all the contacting interfaces.  
For the FE analysis of the punching operation, a rounding radius of 0.002mm was 
applied to the edge of the punch and the edge of the die in order to avoid localized 
damage due to sharp contact in the interfaces between tools and the sheet material. 
A remeshing algorithm was furthermore applied in the numerical model to 
compensate for the large localized deformation of the mesh in the shear band region. 
Ductile fracture of the sheet material was modeled with a simple critical shear stress 
criterion, where element deletion was initiated at a shear stress of 1300 MPa. 
Comparison of the punch force and the morphology of the sheared edge indicates 
that the applied fracture model gives an accurate description of the ductile fracture 
occurring in the punching process, see Figure 80. For evaluation of the developed 
punch temperature, the thermal coupling is maintained between the punch surface 
and the sheared surface after element deletion. 
 
   
 
 
Figure 80: Comparison of the experimental results with the numerical simulation with (a) the punch 
force and (b) the morphology of the sheared surface. 
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A cross section of the sheared surface is shown in Figure 80 compared to the 
sheared surface obtained with numerical simulation with the specified fracture 
model. Comparison of the actual sheared surface with the results from the numerical 
simulations indicate a reasonable accuracy of the FE model, where minor deviations 
are primarily found in the size of the shear zone and the fracture zone.  Comparison 
of the measured blanking force and the results from the numerical simulation 
indicate a similar development of the force exerted on the punch during the 
punching process. A further correlation cannot be made due to the limitation of the 
sampling speed of the data acquisition unit used in the experimental setup. 
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6.5 Experimental results 
6.5.1 Punching tests 
The punching test was conducted with a number of different liquid lubricants for 
evaluation of the lubricant performance. Figure 81 shows the results of the punching 
test, plotting the backstroke force as a function of the number of strokes for the 
tested lubricants. Dry conditions are also included for reference. 
(a) 
 
(b) 
 
Figure 81: Backstroke force as a function of the number of strokes for the tested lubricants and under 
dry conditions when (a) applying the lubricant to the surface of the sheet material with roller 
lubricators and (b) application of the lubricant via the lubricant channels.  
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Inspection of the surface structure of the punches after testing was done with an FEI 
Inspect™ S50 SEM, Figure 82. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The development of the backstroke force under dry conditions is found to reach 
saturation approximately within the first 30 strokes. In the subsequent strokes, the 
backstroke force is found to fluctuate around an average value of approximately 
1300N. The stabilization of the backstroke force is attributed to a saturation of the 
pick-up of workpiece material on the punch surface. The test series conducted with 
the low viscosity oil Drosera MS 5 and the pure paraffin oil were found to exhibit 
  
(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 82: SEM micrographs of the punch surface of (a) a new punch and (b-f) punches after testing 
with different lubricants: (b) DB 4265, (c) Drosera MS 5, (d) Pn226, (e) SF125 and (f) TDN81. 
1mm 
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similar performance. The DB 4265 lubricant, containing Ca- and S- based lubricant 
additives, exhibits a gradually increasing backstroke force within the first 500 
strokes. The DB 4265 lubricant is based on a suspension of solid particles in the 
base oil, which inhibits direct metal-to-metal contact between the punch and the 
sheet material [284]–[286]. This mechanism of lubrication is found to retard the 
adhesive wear that accumulates on the punch stem. Common characteristics of the 
lubricants, which exhibited poor performance in the punch test, are low viscosities 
and either a low content of film-forming additives or no additives at all, as evaluated 
with XRF. The two chlorinated paraffin oils, TDN81 and Pn 226, were found to 
exhibit excellent lubricating ability in the punching test with a consistently low 
backstroke force throughout the 500 strokes. The SF 125 A lubricant, containing 
Ca-, P- and S-additives, was found to have comparable performance, however, with 
a small increase in the backstroke force after approximately 250 strokes.  
     From inspection of the surface structure of the punches after testing, it is seen 
that the three highly additivated lubricants, which resulted in low backstroke forces 
in the punching test, have resulted in minor levels of pick-up of workpiece material 
around the punch tip. In contrast to this, the test series conducted with the DB 4265 
and the Drosera MS 5 lubricants are found to have a large amount of accumulated 
pick-up of workpiece material on the punch stems, corresponding to a large increase 
in the measured backstroke force during the test. This development of the wear 
mechanism was previously described by Olsson et al. [287]. 
     An overview of the development of the backstroke force during the punching 
test is shown in Figure 83 and Figure 84, for the Drosera MS 5 and the Pn226 
lubricants, for respective representation of poor and excellent lubricating ability in 
the punching test.  
  
(a) (b) 
Figure 83: Development of the backstroke force with the Drosera MS 5 lubricant applied on (a) the 
surface of the punch and (b) applied on the surface of the sheet material with roller lubricators.  
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(a) (b) 
Figure 84: Development of the backstroke force with the Pn 226 lubricant applied on (a) the surface 
of the punch and (b) applied on the surface of the sheet material with roller lubricators. 
As highlighted in the previously in the study, the Drosera MS 5 reveals substantially 
higher levels of the measured backstroke force during testing, due to the pick-up of 
workpiece material on the punch stem. The Drosera MS 5 furthermore showcases 
a broadening of the load curve as pick-up of workpiece material gradually covers a 
larger part of the punch surface after a number of successive strokes [287].  The 
Pn226 lubricant is, however, found to introduce a uniform backstroke force within 
a punch travel of approximately 3mm. This behavior is attributed to the minor levels 
of pick-up developed only at the punch tip region, as seen in the SEM micrograph 
in Figure 82.  
     Comparison of the two methods of applying the lubricant for the test reveals a 
similar development of the backstroke force across all test series. This indicates that 
the lubricant efficiency in the punching test is primarily governed by the 
tribological properties of the additive package of the lubricants and that the 
application method has no noticeable impact in the present study. While similar 
wear behavior is found with the two lubricant application methods, further testing 
is still required in order to evaluate the possibility for minimization of the required 
lubricant dosage for the punching test. 
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6.5.2 Four-ball test 
An overview of the wear characteristics and the determined weld load for the tested 
lubricants is shown in Figure 85a and Figure 85b, respectively. Micrographs of the 
developed wear scars are shown in Appendix A. 
  
(a) (b) 
Figure 85: Wear behavior and the load-bearing capacity of the tested lubricants in the four-ball test. 
The results are shown by (a) developed wear scar diameter and (b) the weld load and the pass load. 
From Figure 85a it is seen that the wear scar diameters generated during the four-
ball test range from 0.57-0.73 mm for most of the tested lubricants. The test with 
SF 125 A is however found to result in a substantially larger wear scar diameter. 
While the different lubricants exhibited a widely varying performance in the 
punching test, the developed wear scar diameter indicates a comparable wear 
development in the four-ball test. Evaluation of the load-bearing capacity, however, 
reveals a substantial difference in the tribological properties of the lubricants. The 
tested lubricants with high weld loads in the four-ball test correspond to the 
lubricants with excellent results in the punching test; namely those lubricants, 
which inhibited adhesive wear on the punch stem. Conversely, the lubricants with 
low weld loads, in the range of 1600-2000 N, are those providing poor lubrication 
in the punching test. The weld load of TDN 81 and SF 125 A could not be 
determined for the present study as the loads were found to exceed the maximum 
capacity of the experimental equipment. The lubricants with high load bearing 
capacities are found to form tribofilms in the interface between the workpiece and 
the punch, which retards the mechanism of adhesive wear on the punch surface, as 
e.g. seen with the chlorinated paraffin oil. The load-bearing capacity of the lubricant 
is therefore identified as one of the primary tribological lubricant properties for 
punching and blanking processes, where the affinity for adhesion of workpiece 
material to the punch poses a major tribological issue. 
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6.5.3 High temperature pin-on-disc test 
The influence of thermal conditions on the tribological properties of the lubricants 
was studied with the high temperature pin-on-disc test. The main results are 
summarized in Figure 86, where an average COF of two test repetitions is shown 
as a function of temperature.  
  
  
(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 86: COF as a function of the test temperature in pin-on-disc testing with (a) TDN81, (b) SF 
125 A, (c) Pn226, (d)  Paraffin oil, (e) Drosera MS 5 and (f) DB4265. 
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All the additivated lubricants with known boundary lubrication properties are in the 
pin-on-disc test found to exhibit a temperature interval, where a  significantly lower 
COF is measured due to thermal activation of the lubricant additives. This 
temperature interval is defined by point (A), where the active additive species in 
the lubricant are adsorbed on the surface of the metal, forming a tribofilm that 
lowers the COF and point (B), where a loss of the lubricating properties occurs due 
to thermal degradation of the lubricant. These transition temperatures indicate the 
working range of the lubricant, where properties of boundary lubrication are 
exhibited. The pure paraffinic base oil is conversely found to have an increasing 
COF at elevated temperatures due to thinning of the lubricant. After the initial 
increase in friction, a large decrease in the measured COF is seen at approximately 
270°C, when nearing the boiling point of the lubricant, as seen in the following 
DTA results in section 6.5.4. 
     Inspection of the generated surface structure of the discs and an analysis of the 
surface composition was made with EDX with the Zeiss Supra 35 field emission 
gun SEM. Several test specimens exhibit the formation of a solid layer of lubricant 
residue adjacent to the wear scar after testing. This behavior was most pronounced 
with the specimens lubricated with the DB 4265 and the PN 226 lubricants, see 
Figure 87. An EDX analysis was therefore made on the surface of the test specimen 
after rinsing with ethanol in order to remove the majority of remnants of liquid 
lubricant without removal of weakly adhered lubricant species, see Table 10. A 
second EDX analysis was furthermore conducted for analysis of the surface 
composition after cleaning of the surface with acetone in an ultrasonic cleaning bath 
in order to ensure fully cleaned surfaces, see Figure 88 and Table 11. This was done 
in order to evaluate the presence of chemically reacted surface film without the 
influence of residue lubricant on the surface. 
  
(a) (b) 
Figure 87: SEM micrographs of the surface of the test specimen after pin-on-disc testing and rinsing 
with ethanol. The tested lubricants are (a) DB 4265 and (b) Pn 226. 
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Table 10: EDX analysis of the test specimens after rinsing with ethanol. 
 
 
  
(a) (b) 
Figure 88: SEM micrographs of the surface structure of the test specimen after pin-on-disc testing 
and cleaning with acetone. The tested lubricants are (a) DB 4265 and (b) Pn 226. 
Table 11: EDX analysis of the test specimens after cleaning with acetone. 
 Element (wt%) 
Lubricant Location C Cl P S Ca Other 
Illoform 
TDN 81 
Wear scar 11.1 0.4 - - - 
88.5 
Illoform 
PN 226 
Wear scar 13.7 0.5 0.6 - - 
85.2 
Montgomery 
DB 4265 
Wear scar 16.6 - - - - 
83.4 
SF 125 A Wear scar 18.3 - - 7.1 0.6 74.0 
DROSERA 
MS 5 
Wear scar 11.1 - - - - 
88.9 
Paraffin oil Wear scar 7.1 - - - - 
92.9 
 
Evaluation of the surface composition of the test specimens, cleaned with ethanol, 
indicate the presence of lubricant species in the wear scar and the adjacent regions 
for all the additivated lubricants. The region adjacent to the wear scar are in all cases 
found to contain a high concentration of the remaining lubricant species, indicating 
the gradual removal of the surface species in the generated wear scar during the 
 Element (wt%) 
Lubricant Location C Cl P S Ca Other 
Illoform TDN 81 
Adjacent region 22.6 0.7 - - - 76.7 
Wear scar 12.5 0.4 - - - 87.1 
Illoform PN 226 
Adjacent region 61.5 0.8 1.8 - 0.3 35.6 
Wear scar 10.2 0.5 - - - 89.3 
Montgomery DB 4265 
Adjacent region 61.0 - 0.3 1.3 1.8 35.6 
Wear scar 26.7 - - - - 73.3 
SF 125 A 
Adjacent region 32.1 - - 17.3 0.2 50.6 
Wear scar 11.7 - - 8.0 - 80.1 
DROSERA MS 5 
Adjacent region 11.1 - - - - 88.9 
Wear scar 6.3 - - - - 93.7 
Paraffin oil 
Adjacent region 5.1 - - - - 94.9 
Wear scar 5.0 - - - - 95.0 
        
Wear scar Wear scar 
30 μm 30 μm 
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test, due to the sliding contact with the tool pin. TDN 81, Pn 226 and SF 125 A 
indicate the presence of a surface film even after contact with an aggressive solvent 
like acetone. Both lubricants with additive packages based on chlorinated paraffins 
exhibit the presence of minor levels of Cl in the wear scar, where iron chlorides are 
commonly reported to be the main surface constituents with Cl-based EP additives 
[288]. The test series conducted with the DB 4265 lubricant does not exhibit the 
presence of any lubricant species on the tool surface after cleaning with acetone. 
This is indicative of the function of the lubricant, which is based on a separation of 
the contacting bodies of the tribosystem via a suspension of solid particles in the 
lubricant, as seen in Figure 87. 
     Exceeding point (B) results in loss of the tribological function of the lubricant 
due to thermal degradation caused by desorption of polar molecules and melting of 
chemically reacted tribofilms [289]. Analyzing the surface composition of the test 
specimen after the lubricant has undergone thermal decomposition could, therefore, 
render the analyzed surface as unrepresentative of the surface generated during 
testing. A supplementary study was therefore conducted with a pin-on-disc test, 
conducted at room temperature where the developed wear scar is only influenced 
by frictional heating from the sliding contact without an external heating source, 
see Appendix B.  
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6.5.4 Differential thermal analysis (DTA) 
Evaluation of the lubricant properties at elevated temperatures was furthermore 
done with a DTA, see Figure 89. The DTA was conducted in dry air as well as in 
an inert argon atmosphere in order to study the influence of oxygen on the lubricant 
additives and to conversely limit the oxidative degradation of the lubricants.  
 Argon Nitrogen, Oxygen 
TDN 81 
 
 
 
SF 125 A 
  
Pn 226 
  
Paraffin 
oil 
  
Drosera 
MS 5 
  
DB 4265 
  
Figure 89: DTA thermograms of the tested lubricants. 
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The thermograms established from testing the pure lubricants and the tool steel 
powder and lubricant mixtures were used for assessment of the transition 
temperatures, where activation of the lubricant additives was initiated. This was 
evaluated by superposition of the two thermograms [279]. A summary of the critical 
transition temperatures is shown in Table 12. 
Table 12: Overview of the transition temperatures of the tested lubricants. 
 
Temperature 
of initial 
chemical 
reaction [°C] 
Temperature 
of lubricant 
breakdown 
[°C] 
Temperature 
interval of the 
first exothermic 
peak [°C] (Ar) 
Temperature 
interval of the 
first exothermic 
peak [°C] (N, O) 
Illoform TDN 81 101 287 151-256 - 
Illoform PN 226 104 285 223-339 89-338 
SF 125 A 109 309 125-195 108-212 
Montgomery DB 
4265 
229 - - - 
DROSERA MS 5 105 319 - 90-226 
Paraffin oil - - - 94-369 
 
The thermogram for Pn 226 and tool steel powder mixture reveals an exothermic 
peak at a temperature of 223-339°C in the inert Ar atmosphere. The first exothermic 
peak in dry air is, however, seen in the temperature range of 89-339°C. The 
widening of the temperature range of the exothermic peak is possibly due to the 
influence of oxygen on the compound additive package of the lubricant, as certain 
groups of lubricant additives, e.g. certain S-based additives, only exhibit a 
tribological function with the presence of oxygen [262]. The thermogram for the 
pure paraffinic base oil reveals an initial exothermic peak in the temperature range 
of 94-369°C in dry air, while no major reaction peaks were found in Ar. This 
behaviour is attributed to the oxidative degradation of the lubricant at elevated 
temperatures with the presence of oxygen. This is indicative of the sensitivity of the 
DTA technique towards a range of different physical and chemical phenomena 
occurring simultaneously during the heating cycle, highlighting the importance of 
assessing the lubricants in varying atmospheres for evaluation of the thermal 
stability and the tribological properties of the lubricant.  Additives such as 
antioxidants are commonly used in commercially available lubricants for sacrificial 
oxidation in order to retard the oxidative degradation of the lubricant. The use of 
antioxidant additives, therefore, influences the thermal stability of the lubricant 
without a direct influence on the tribological properties. Assessment of the thermal 
properties of the lubricant in an inert atmosphere, therefore, allows for separation 
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of the effect of lubricant additives commonly found in the compound additive 
packages in commercially available lubricants. The DTA is therefore used as a 
supplementary technique for assessment of the lubricant properties at elevated 
temperatures. This encompasses a supplementary method for determining the 
transition temperatures of the film forming additives and the thermal stability of the 
lubricant. 
     The DB 4265 lubricant exhibits a lower COF at temperatures above 229°C. The 
DTA thermogram of the DB 4265 lubricant reveals a large endothermic peak as the 
added dilutent in the lubricant is evaporated. A further increase of the test 
temperature indicates a minor decrease in the mass of the test sample. This is seen 
at a test temperature of approximately 224°C, where a corresponding decrease of 
the COF is measured in the pin-on-disc test. The decrease in the COF is therefore 
attributed to evaporation of the liquid lubricant constituents, where the suspended 
solid particles in the lubricant remain on the surface of the test specimen. This 
corresponds well with the observed surface film remaining on the test specimen 
after the pin-on-disc test, see Figure 87a. ZDDP is a common AW additive, found 
in the additive package of the Pn226 lubricant. Tse et al. [290] reported that the 
ZDDP compound undergoes irreversible thermal degradation  at a temperature of 
approximately 220°C, evaluated by in-situ high-pressure and high-temperature 
infrared spectroscopy. In the present study, the Pn226 lubricant exhibits a low COF 
in the temperature interval between 104-285°C. The Pn226 lubricant is furthermore 
seen to have a temperature range where a lower COF is exhibited similar to the 
TDN 81 lubricant, which also has an additive package based on chlorinated 
paraffins. A similar correlation is seen with the SF 125 A and the Drosera MS 5 
lubricants, which both contain triphenyl phosphate as an AW additive [291], [292]. 
 
 
 
 
.  
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6.5.5 Numerical simulation of tool and interface temperature 
Punching operations are commonly found to develop highly localized temperature 
fields and transient temperature peaks, which makes it difficult to characterize the 
process temperatures with conventional measurement techniques, e.g. 
thermocouples or thermographic measurements. Assessment of the temperature 
development in the forming tool and the sheet material during the punching 
operation in the present study is therefore done with a coupled thermo-mechanical 
FE simulation. The simulated temperature field during the punching operation is 
shown in Figure 90a, where point 1 and point 2 are highlighted. Point 1 is inside 
the punch 0.42 mm from the punch edge, while point 2 is at the center of the shear 
band region. 
 
(a) 
 
(b) 
 
 (c) 
Figure 90: Thermo-mechanical FE simulation of temperature showing (a) the temperature distribution 
in the tools and workpiece in the first stroke, (b) temperature development in point 2 during the first 
stroke, and (c) temperature development in point 1 during the first 50 strokes. 
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The temperature development in the sheared surface, see Figure 90b, shows a high 
temperature peak during the forward punch stroke, followed by a rapid dissipation 
of the generated heat after approximately 0.1s. The peak temperature ranges locally 
between 135-150°C in the shear band region. Figure 90c shows the development of 
the punch temperature in point 1 during the first 50 strokes. The transient 
temperature peak and the short time of contact between the punch and the sheet 
material result in minor heat transfer to the punch, which is found to stabilize after 
approximately 40 strokes. The peak temperature in the interface between the punch 
and the sheet material governs the tribological behaviour of the lubricant, as seen 
in the pin-on-disc test and the DTA. The lubricants providing excellent lubrication 
in the punching test are therefore characterized by having high load bearing 
capacities combined with an applicable thermal working range, where the peak 
temperature in the punching process ensures the activation of the lubricant additives 
in the punch/workpiece interface in order to inhibit the development of pick-up of 
workpiece material.  
6.6 Conclusion 
In this chapter, the performance of different lubricants was evaluated with a process 
test which emulates the tribological conditions of a fine blanking operation. A clear 
correlation between the developed punch wear and the measured backstroke force 
was confirmed in accordance with literature. Assessment of process temperatures 
was done with numerical analysis. Analysis of the physiochemical properties of the 
tested lubricants revealed that an applicable temperature range and a high load-
bearing capacity are central lubricant properties necessary for ensuring sufficient 
lubricating ability for punching and blanking operations.  
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Chapter 7 Conclusion and future work 
This thesis presented a study on process monitoring in sheet metal forming using 
AE for online evaluation of wear and frictional conditions. From a series of different 
simulative forming tests, a methodology for evaluation of process conditions was 
derived, based primarily on time domain analysis. In the different laboratory tests, 
application of the AE measurements was found to describe different tribological 
process phenomena such as fluctuations in the measured COF, analysis of wear 
severity and the condition of tool coatings. The derived methodology was 
furthermore applied for monitoring of formings conditions in a deep drawing 
operation, where the AE technique could indicate the occurrence of process 
deviations due to tool wear. Further testing is, however, required for validation of 
the applicability of AE as a process monitoring technique in industrial production 
environments, where the influence of noise e.g. from parallel production processes 
could pose a bigger issue.  This could possibly imply a further refinement of the 
derived testing methodology, in terms of the required signal filtering and feature 
extraction. For online process monitoring of industrial forming processes with 
complex forming geometries, the adaption of multi-channel systems could 
furthermore be applied for evaluation of source location. Application of the multi-
channel AE system could thereby support a fully condition-based tool maintenance 
schedule where damage localization and severity is continuously monitored.  
The study furthermore presented an analysis of an industrial production platform 
for stamping of an EGR component, where the use of chlorinated paraffin oil was 
previously deemed necessary in order to facilitate stable production conditions. The 
forming die, used in the described production platform, was designed with a stepped 
drawbead feature, which greatly influences drawing characteristics of the 
component and central tribological parameters such as surface expansion, contact 
pressure, and sliding length.  The drawbead design implemented in the forming die 
was based entirely on a trial and error procedure, where dimensional changes were 
made manually to the drawbead during the die tryout stage in the production of the 
forming tools. A 3D scan of forming the tools was therefore made for 
characterization of the implemented drawbead design. Characterization of the 
production process was made with numerical analysis with the scanned die 
geometry. Based on the numerical analysis, critical die regions were extracted in 
terms of the developed wear work, indicative of the severity of the tribological 
conditions introduced locally by the drawbead geometry. Further characterization 
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of the production conditions was carried out by measurement of load, travel and the 
die temperature profile for extraction of experimental test parameters. A drawbead 
tool was designed, for offline replication of the industrial forming conditions. With 
the designed drawbead tool, a series of tests were carried out for evaluation of the 
performance of alternative, environmentally friendly tribosystems. The tests 
concluded that no other lubricant could replace the highly chlorinated BWN 205 
lubricant when tested with an untreated tool steel material. A combination of a 
Tenifer® QPQ surface treatment and a range of different environmentally benign 
deep drawing lubricants were, however, found to provide sufficient tribological 
performance in order to replace the BWN 205 lubricant. 
     The wear behavior in drawbeads, with varying drawbead geometries and 
different workpiece materials with different mechanical and tribological properties, 
were investigated in a supplementary study. In a semi-circular drawbead geometry, 
the EN 1.4301 stainless steel was found to develop a substantial amount of galling 
at the groove shoulder radius, where the obtained contact pressure is at the highest 
levels. The primary wear mechanism, seen when testing the DP 980 workpiece 
material, was based on powdering of the electrogalvanized workpiece coating. The 
limits of lubrication was thereby governed by an accumulation of third body 
particles from the electrogalvanized workpiece coating in the planar contact of the 
drawbead. The different wear mechanisms observed during testing highlights the 
importance of offline simulative tests for evaluation of wear behavior and 
tribosystem efficiency. 
     Since the physical design of drawbeads is often based on a trial and error 
approach, the use of drawbeads in industrial forming dies often imply a large variety 
of different drawbead types and geometries, each tailored to the specific product 
geometry. Extended testing of the limits of lubrication of various drawbead types 
and geometries, combined with different lubricants, sheet materials, tool materials 
and tool coatings can, therefore, prove to be valuable for tool designers for 
estimation of the tribological loads, tool life and costs linked to manufacturing and 
maintenance of tools. The use of tool coatings such as DLC, CrN and TiAlN have 
in recent years been implemented extensively in forming industry for extending the 
tool life of forming tools exposed to severe tribological conditions. Further analysis 
of the limits of lubrication with such tool coatings, used in tribologically severe 
processes could therefore be valuable for assessment of tribosystem efficiency in 
processes which often require hazardous lubricants. Further work could similarly 
be conducted based on automated production lines with high production rates and 
high tool temperatures, for assessment of tribosystems efficiency with increased 
thermal stressing of the lubricants. 
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The study furthermore analyzed the tribological function of commercial forming 
lubricants for characterization of the central lubricant properties needed for 
lubrication in punching and blanking operations. This was done based on an 
analysis of physiochemical lubricant properties combined with a process test. With 
a process test that emulates the forming conditions in fine blanking operations, the 
tribological efficiency of different commercially available forming lubricants were 
studied. A clear correlation between the developed punch wear and the measured 
backstroke force was confirmed in accordance with literature and the previous work 
conducted at DTU-MEK. The study found that an applicable temperature range and 
a high load-bearing capacity are central lubricant properties necessary for ensuring 
sufficient lubricating ability for punching and blanking operations. It was 
furthermore explored that the influence of the lubricant application method, had no 
noticeable impact on the lubricating ability of the commercially available forming 
lubricants. The results of the analysis indicated that punching and blanking 
operations introduce severe tribological conditions where only lubricants with 
strong boundary interaction in the interface of the tribosystem can minimize the 
pick-up of workpiece material on the punch stem during testing. 
     Analysis of the tribological properties of new, environmentally friendly 
tribosystems for fine blanking operations, however, requires further investigation 
of the chemical function of the different types of film-forming additives, additive 
synergy and the influence of parameters such as additive concentration, lubricant 
dosage, tool coatings and sheet thickness. Analysis of lubricant dosage, tool 
coatings and sheet thickness, combined with further testing of the influence of the 
lubricant application method could possibly yield a reduction of the minimum 
amount of lubricant necessary for punching and blanking operations. 
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Appendix A Developed wear scar in the  
  four-ball test             
 
  
(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 91: Wear scar developed in four-ball test with the tested lubricants: (a) DB 4265, (b) 
Drosera MS 5, (c) Paraffin oil, (d) Pn226, (e) SF125 and (f) TDN81. 
  
0.4 mm 
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Appendix B XPS analysis of tribofilms 
The pin-on-disc test was conducted on a CSM tribometer with a Ø6mm AISI 316 
grade 100 stainless steel ball with a hardness of 39 HRC and a disc of AISI M3:2, 
hardened to 64 HRC. The test was furthermore conducted with a rotational velocity 
of 55mm/s and normal force of 10N, resulting in a maximum Hertzian pressure of 
approximately 1400 MPa in the contact surface. A surface finish of Ra = 0.8μm was 
obtained by lapping of the disc as recommended in the ASTM G99-17 standard 
[293]. The test duration ranged from approximately 3500-4000s until at full 
stabilization of the COF was achieved, see Figure 92. 
 
Figure 92 COF measured during the pin-on-disc test.  
All the lubricants containing film-forming additives were found to have a 
development of the COF that was gradually reduced within the first 1000s of 
testing, whereafter the COF assumed stabilized values.  The pure paraffin oil was 
however found to result in a stabilized COF immediately upon testing. The 
stabilization of the COF is commonly attributed to either a run-in behavior of the 
two surfaces in the contact or the formation of a stabilized surface film initiated by 
the frictional heating developed during testing. The DB 4265 lubricant is seen to 
have a highly fluctuating COF throughout the duration of the test. This behavior is 
attributed to the lubricant formulation that is based on a suspension of solid 
particles, which inhibit direct metal-to-metal contact between the base body and the 
counter body of the tribosystem [286]. A main lubrication mechanism based on the 
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suspension of solid particles combined with a high rate of dilution of the lubricant 
is found to result in an inability to form a stable COF in the present study. 
     The surface of the wear scar, developed in the pin-on-disc test, was analysed 
with XPS for evaluation of the composition and film thickness of the formed surface 
films during testing.  The analysis of the surface structure was carried out with a 
Thermo ScientificTM K-Alpha XPS spectrometer. Prior to inspection of the surface 
composition, the test samples were rinsed with ethanol and afterwards 
ultrasonically cleaned with heptane in order to remove lubricant residue from the 
surface. The XPS survey reveals a range of different elements in the developed wear 
scar with the tested lubricants, see Figure 93. 
 
Figure 93: XPS spectra of the analyzed test specimens. 
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The test series conducted under dry conditions and with a pure paraffin oil 
encompass reference conditions without the influence of film-forming additives. 
Evaluation of the surface composition under these conditions, therefore, shows an 
overview of the main composition of the AISI M3:2 disc material and native oxides 
developed on the surface of the workpiece seen at a binding energy of 531.08 eV.  
Several test series are furthermore found to contain minor peaks of S2p at 164.04 
eV, which is commonly attributed to the presence of sulfide. The DB 4265 lubricant 
exhibits minor peaks of P2p at 134.08 eV and Ca2p at 348 eV, respectively 
attributed to the presence of phosphates and calcium carbonate [290]. 
  
z(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 94: XPS depth profiles of disc surfaces tested with different lubricants: (a) Pn 226, (b) DB 
4265, (c) Paraffin oil, (d) SF 125 A, (e) TDN 81 and (f) Drosera MS 5. 
  
0 50 100 150 200 250
0
20
40
60
80
100
A
to
m
ic
 w
e
ig
h
t 
p
e
rc
e
n
t 
(%
)
Etching depth (nm)
 Fe2p3
 O1s
 C1s
 S2p
0 50 100 150 200 250
0
20
40
60
80
100
A
to
m
ic
 w
e
ig
h
t 
p
e
rc
e
n
t 
(%
)
Etching depth (nm)
 Fe2p3
 O1s
 C1s
 Mo3d
 S2p
0 50 100 150 200 250
0
20
40
60
80
100
A
to
m
ic
 w
e
ig
h
t 
p
e
rc
e
n
t 
(%
)
Etching depth (nm)
 Fe2p3
 O1s
 C1s
0 50 100 150 200 250
0
20
40
60
80
100
A
to
m
ic
 w
e
ig
h
t 
p
e
rc
e
n
t 
(%
)
Etching depth (mm)
 Fe2p3
 O1s
 C1s
 Mo3d
 S2p
0 50 100 150 200 250
0
20
40
60
80
100
A
to
m
ic
 w
e
ig
h
t 
p
e
rc
e
n
t 
(%
)
Etching depth (nm)
 Fe2p3
 O1s
 C1s
0 50 100 150 200 250
0
20
40
60
80
100
A
to
m
ic
 w
e
ig
h
t 
p
e
rc
e
n
t 
(%
)
Etching depth (nm)
 Fe2p3
 O1s
 C1s
 145  
 
  
A survey of the thickness of the generated surface films is shown in Figure 94 with 
an XPS depth profile analysis. The depth profiles shows minor levels of S2p within 
an etching depth of 250 nm for the SF125 A, DB 4265 and the Pn 226 lubricants. 
No traces of Cl was found in the developed wear scar of the test specimens tested 
with the chlorinated lubricants. Ex situ spectroscopy methods like XPS require 
thorough cleaning of the specimens with aggressive solvents and exposure to 
vacuum for application of the analytical technique. This can, however, render the 
analyzed tribofilm as unrepresentative of the original surface during testing as 
weakly bonded tribofilm constituents are likely to be removed during preparation 
of the samples [295]–[297]. The test conditions of the pin-on-disc test could 
possibly also be unable to introduce a stable tribofilm with the Cl-based lubricants, 
contrary to the high-temperature pin-on-disc test conducted with an external heating 
source. 
 
